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Tropical plants are adapted to climates in tropical areas and can grow in the temperate 
regions in the summer (Martin 2017). They comprise many important crops such as cash 
crops, plantation crops and food crops (Thurston 1998). In Japan, tropical plants are more 
and more commonly cultivated and its products are also becoming popular because of 
development of greenhouse systems, diversification of food consumption, demand for safety 
and fresh tropical fruits and prevention of invasion by alien pests to other crops (Ogata et al. 
2016). Many of species and varieties of tropical plants have therefore been obtained in Japan. 
However, contrary to this, unknown tropical plant diseases including Colletotrichum 
anthracnose have been reported (Database of Plant Diseases in Japan: 
https://www.gene.affrc.go.jp/databases-micro_pl_diseases_en.php). 
The species of Colletotrichum are considered as important plant pathogens and have 
been known as the main causes of anthracnose diseases on many plants including tropical 
plants. It has recently been voted as the world’s eighth most economically important fungal 
pathogens based on perceived scientific and economic criteria (Dean et al. 2012). According 
to Rojas et al. (2010) and Lenné (2002), Colletotrichum spp. are the principal causes of 
anthracnose diseases such as damping-off, leaf spot, seedling blight and pre- and post-harvest 
fruit rot on a wide variety of woody and herbaceous plants (De Silva et al. 2017; Da Silva 
and Michereff 2013; Lima et al. 2013). Although Colletotrichum have been reported as high-
profile species affected plants in temperate regions, it is one of important pathogens in 
tropical and subtropical plants as well (Cannon et al. 2012). According to Agrios (2005), 
several Colletotrichum species can attack tropical and subtropical plants. For the purposes of 
plant quarantine, Colletotrichum-infected commodities are not suitable for import or export 
due to the potential revenue loss (Sharma and Shenoy 2016).  
Historically, the genus Colletotrichum was reported on many crop plants, and large 
numbers of Colletotrichum species was described with insufficient morphological characters. 
Colletotrichum classification using detail morphological characters was started by von Arx 
(1957) and Sutton (1992, 1980). Sutton (1992, 1980) focused on several morphological 
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criteria’s including: (a) hyphae is branched, septate, hyaline and pale brown to dark brown; 
(b) conidiomata are present, subcuticular, separate or confluent and composed of hyaline to 
dark brown; (c) sclerotia are sometime present on culture; (d) setae in conidiomata are brown, 
smooth, septate and tapered at the apices; (e) conidiophores are usually branched at the base, 
hyaline to brown, smooth and formed from the upper cells of the conidiomata; (f) 
conidiogenous cells are hyaline, smooth and cylindrical; (g) conidia are hyaline, aseptate, 
straight or falcate and smooth-walled; (h) appressoria are usually brown. Among them, 
morphologies of conidia and setae were always concerned as the important characters in the 
taxonomy (Sutton, 1980). However, species identification of Colletotrichum with only 
morphological traits has gradually been faced to difficulties because of the variation of their 
characters within some species (Cai et al. 2009). In the early of 1990s, the application of 
DNA sequence data especially with ITS region has started to use for species identification of 
Colletotrichum (Mills et al. 1992).  In the early of 21st century, an impressive study on the 
taxonomy of Colletorichum was then published by Talhinhas et al (2002). In the study, 
sequence data of ITS, TUB2 and HIS4 genes were applied to identify C. acutatum on lupins. 
Nowadays, combination of multi-locus phylogenetic analysis (mainly ITS, GAPDH, CHS-1, 
HIS3, ACT and TUB2), geography analysis, ecology and morphology are strongly 
recommended to identify the Colletotrichum species (Cai et al. 2009).  Based on the 
polyphasic approaches, 14 species complexes (C. acutatum, C. boninense, C. caudatum, C. 
dematium, C. destructivum, C. gigasporum, C. gloeosporioides, C. graminicola, C. 
orbiculare, C. spaethianum, C. truncatum, C. orchidearum, C. magnum and C. 
dracaenophilum species complex) and more than 200 species were nowadays recorded in the 
genus (Damm et al. 2019; Marin-Felix et al. 2017). Among the species complex, the C. 
destructivum species complex and the C. gloeoporioides species complex mainly consist of 
many plant pathogens (Jayawardena et al. 2016; Damm et al. 2014). 
Interestingly, difference species in one species complex has been reported on the 
same hosts. For example, the study of Colletotrichum species on cultivated citrus in China 
showed that two species, C. gloeosporioides and C. fructicola belonging to C. 
gloeosporioides species complex related to anthracnose on the host (Huang et al. 2013). 
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Colletotrichum queenslandicum and C. siamense belonging to C. gloeosporioides species 
complex were pathogenic to chili in Australia (De Silva et al. 2017). Colletotrichum 
fructicola and C. siamense, members of C. gloeosporioides species complex, were pathogens 
of chili in India (Sharma and Shenoy, 2014). More interestingly, some species in the same 
species complex can develop different fungicide resistance. For instant, C. gloeosporioides 
species complex on apple showed that majority of C. fructicola isolated from the fruits 
developed resistance to benomyl and QoI fungicides (Yokosawa et al. 2017). Also some 
isolates of C. gloeosporoides on mango was resistance to benomyl (Akem 2016). Therefore, 
precise identification plays an important role in understanding the epidemiology of 
Colletotrichum species and developing effective control of the anthracnose disease (Cai et al. 
2009). To achieve these goals, understanding about the pathogens is a desirable practice, and 
application of multi-locus phylogenetic analysis in fungal identification is needed.  
As mentioned above, tropical plants and tropical fruits have been commonly 
cultivated, and the potential of tropical plants is still ahead in Japan; the increases of its 
production and the risk of anthracnose disease in Japan should be parallel in future. The study 
of species identification and pathogenicity examination of Colletotrichum on tropical plants 
in Japan is necessary to conduct because it will lead to effective disease control and 
management. This study were therefore carried out with three purposes: (1) to identify 
Colletotrichum species as pathogens to tropical plants in Japan; (2) to indicate the dominant 
species of Colletotrichum on conducted plants; (3) to understand the important of molecular 


















Three Colletotrichum species responsible for anthracnose 
















Three Colletotrichum species responsible for anthracnose 
on Synsepalum dulcificum (miracle fruit) 
 
Abstract By 2016, fruit rot and two different leaf diseases (leaf spot and leaf blight) 
were found on Synsepalum dulcificum (miracle fruit) in Tokyo, Kanagawa and Kagoshima 
prefectures of Japan. From the lesions, abundant conidial masses and acervuli of three 
Colletotrichum species, two of which produced sexual state, were observed. We conducted 
a pathogenicity assay using these Colletotrichum species on healthy fruits and leaves of S. 
dulcificum. Our artificial inoculation tests showed symptoms of disease on tested fruit and 
leaf, and indicated all three Colletotrichum species as causal agents of anthracnose on S. 
dulcificum. Based on morphological characters and molecular phylogenetic analyses using 
ITS, GAPDH, ACT, CAL and TUB2, these species were identified as Colletotrichum aenigma 
(MAFF 246750), C. siamense (MAFF 246751) and C. karstii (MAFF 245966). They have 
been previously reported as plant pathogenic fungi elsewhere in the world. This is the first 

















Synsepalum dulcificum (Sapotaceae) is commonly known as miracle fruit, miraculous 
berry or sweet berry (Akinmoladun 2016; Njoku et al. 2016; Shi et al. 2016). This plant 
originates from tropical West Africa (Akinmoladun 2016; Njoku et al. 2016; Rodrigues et al. 
2016; Shi et al. 2016).  It has subsequently been treated as an important plant because of an 
active compound in the fruit called miraculin. Miraculin is a single polypeptide chain, which 
is used to modify taste in food and to control obesity (Akinmoladun 2016).  
In 2016 and 2017, we found fruit rot and two different leaf symptoms of S. dulcificum 
in Tokyo, Kanagawa and Kagoshima prefectures, Japan (Fig. 1). The fruit rot was first 
observed in a greenhouse of the botanical garden in Kanagawa prefecture. During our 
research from 2015 to 2017, the disease was constantly observed to cause damage to the host 
plant. From microscopic examination of plant symptoms, conidial masses and acervuli of the 
genus Colletotrichum were prominent. Two leaf symptoms, leaf blight and leaf spot, were 
observed in Tokyo and Kagoshima prefecture respectively. An initial symptom of leaf blight 
was small lesion at the tip of the leaf, and the lesion then developed and increased in size 
towards the petiole. Morphological features of the genus Colletotrichum such as conidial 
masses and setae on acervuli, were observed from the symptoms. The leaf spot was first 
started as tiny black dots at leaf margin. The black dots then developed and produced big 
spots and chlorosis areas encompassed by a dark brown line. Both diseased leaves were 
eventually defoliated.  
Although S. dulcificum is a notable tropical plant, there have not been many studies 
focusing on its pathology until now. To the best of our knowledge, the only leaf disease 
reported on S. dulcificum was caused by Pestalotiopsis synsepali (Chen et al. 2002). Damm 
et al. (2012a) found C. karstii on leaf of S. dulcificum, but its pathogenicity on S. dulcificum 
has been unknown. The aims of this study were: (1) to identify Colletotrichum species 
causing of anthracnose on S. dulcificum based on morphology and molecular analyses; (2) to 
















Fig. 1 Original symptoms caused by Colletotrichum spp. on S. dulcificum: (a) Fruit rot                  













Materials and methods 
 
Sampling and fungal isolation 
Fruit rot of S. dulcificum was observed in a greenhouse of the botanical garden located 
Kamakura, Kanagawa, in 2016. From its symptom, conidial masses were collected and 
suspended in sterile water. The prepared conidial suspension was then spread over the surface 
of water agar (WA). After 24 hours, a single germinating spore was transferred onto DifcoTM 
potato dextrose agar (PDA; Detroit, MI, USA).  
Two different leaf symptoms of S. dulcificum were determined in different regions. 
Leaf spot was observed in a fruit garden at Tanegashima Island, Kagoshima in 2016 while 
leaf blight was found in a greenhouse, in Tokyo in 2017. The aforementioned isolation 
method was employed both for leaf spot and blight diseases. The isolates from fruit rot 
(MAFF 246750), leaf blight (MAFF 246751) and leaf spot (MAFF 245966) were obtained 
and preserved at the Genebank, National Agriculture and Food Research Organization 
(NARO), Tsukuba, Ibaraki, Japan. 
 
Pathogenicity assay 
Colletotrichum isolations were grown on PDA for seven days at 25 ºC. Spores were 
harvested by using 10 ml of sterilized distilled water to pour into the cultures, and the water 
was gently swirled to dislodge the conidia. Conidial density was adjusted to get 106 
conidia/ml by using a haemocytometer (Prihastuti et al. 2009).  
 The wound/non-wound treatments for the pathogenicity assay were performed on 
healthy fruits and leaves of potted S. dulcificum seedlings. The wounds were made by 
pricking the surface of the miracle fruits or leaves with a sterilized needle. The conidial 
suspension was sprayed on the wounded/non-wounded fruits and leaves, while sterilized 
distilled water was used as control. The inoculated and non-inoculated fruits and leaves were 
covered by plastic bags and then placed in a greenhouse under 25-30 ºC. These experiments 
were performed with three replicates for each isolate. Plastic bags were removed after 48 
hours. The inoculated sites were photographed and described after seven days. In order to 
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confirm Koch’s postulates, fungi from inoculated tissues were re-isolated, and morphological 
traits of the fungi were evaluated.   
 
Morphological identification 
These Colletotrichum isolates growing on PDA were used for morphological 
examination. Morphological and cultural characters such as shape and size of conidia and 
apperssoria, and presence or absence of setae were observed on PDA plate growing at 28 ºC 
after one week. Shape and size of 30 conidia from each isolation were evaluated. Images 
under a stereo microscope (Olympus, Tokyo, Japan) and a compound microscope (Olympus, 
Tokyo, Japan) were captured with a digital camera (Olympus DP21, Tokyo, Japan). Conidial 
size was calculated by using ‘imageJ’ software (free download available at 
http://rsbweb.nih.gov/ij/).    
Appressoria were produced by using a slide culture technique. A 10 mm2 square block 
of Synthetic Low-nutrient Agar (SNA) was placed on a sterile slide glass that was kept in an 
empty petri dish, and the edge of the agar blocks was inoculated on one side with mycelium. 
The inoculated agar block was covered by a sterile coverslip (Lima et al. 2013). Seven days 
after inoculation, shape and size of 30 appressoria from each isolate were measured.  
 
DNA extraction, sequencing, and analysis 
 Fungal mycelium was grown on PDA for seven days at 25 ºC. Then, the mycelium 
was scraped from the surface of the PDA and extracted using UltraClean® Microbial DNA 
Isolation Kit (MOBIO, Laboratories, Inc., California, USA) according to the instruction of 
the manufacturer.  
Primers were based on previous published studies: ITS with primers ITS-1F/ITS-4 
(Gardes and Bruns 1993; White et al. 1990), ACT with primers ACT-512F/ACT-783 
(Carbone and Kohn 1999), CAL with primer CL1C/CL2C (Weir et al. 2012), GAPDH with 
primer GDF1/GDR1 (Guerber et al. 2003) and TUB2 with primer T1/Bt2b (O’Donnell and 
Cigelnik 1997; Glass and Donaldson 1995). Conditions for PCR of ITS were 4 minutes at 95 
ºC, then 35 cycles of 95 ºC for 30 seconds, 52 ºC for 30 seconds, 72 ºC for 45 seconds and 
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final extension at 72 ºC for 7 minutes. The optimum annealing temperature was different for 
other loci: CAL at 59 ºC; GAPDH at 60 ºC; ACT at 58 ºC; and TUB2 at 55 ºC (Weir et al. 
2012). DNA concentrations were estimated visually in 3% agarose gel in 1.0x Tris-acetate 
acid EDTA (TAE) buffer. Then pictures were taken under UV light after staining the gel with 
ethidium bromide for 10 to 15 minutes. 
Then PCR products were purified using ExoSap-IT PCR Clean-up kit (GE Healthcare 
Life Science, Buckinghamshire, UK) following the manufacturer's instructions. The DNA 
sequences generated with forward and reverse primers were obtained from 3130xl Genetic 
Analyzers (Applied Biosystems, California, USA) with BigDye v.3.1 chemistry (Life 
Technologies, California, USA). 
 The consensus sequences of each region were aligned using Mesquite version 3.2 
(Maddison and Maddison 2017). All ambiguously aligned regions were excluded from the 
analyses by eyes. The quality of the nucleotide sequences and the contig assembly were 
carried out using the GeneStudioTM Pro version 2.2.0.0 software package (GeneStudio Inc., 
Georgia, USA). Then, the DNA sequences obtained were aligned by using the FFT-NS-I 
strategy of MAFFT version 7 (Katoh and Standley 2013). Multiple sequence alignments of 
each gene used Mesquite version 3.2 (Maddison and Maddison 2017) and manually adjusted 
to allow maximum sequence similarity. Phylogenetic analysis was constructed from 
sequences of the five loci combined by Bayesian inference (BI) and Maximum likelihood 
(ML). ML bootstrap values (≥ 70 %) and Bayesian PP values (≥ 0.7) were shown at the nodes 
of the phylogenetic trees 
For Bayesian analyses, a Markov Chain Monte Carlo (MCMC) algorithm was used 
to generate a phylogenetic tree with Bayesian probabilities using MrBayes version 3.2.6 
(Ronquist and Huelsenbeck 2003). Models of nucleotide substitution for each gene 
determined by MrModeltest version 2.3 were included for each gene partition. The analysis 
of the two chains were run from random trees for 2.000.000 generations. Samples were taken 
from the 500.000 generations every 500 generations. Sequences of Colletotrichum species 
obtained from GeneBank were included in the analysis. 
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In terms of Maximum likelihood analyses, the combined dataset of five mentioned 
loci using RAxML (version 7.0.3). Branch and branch node support was determined using 
100 bootstrap replicates (Stamatakis et al. 2008). The phylogenetic analyses comprises our 































From the infected organs, two isolates of Colletotrichum spp. were isolated by using 
single spore method. Pure cultures were stored in PDA slants at 10 ºC in the laboratory and 
preserved at the National Institute of Agrobiological Science, Japan (NIAS Genebank) as 
MAFF 246750 and MAFF 246751. However, the study was conducted with three 
Colletotrichum isolates, MAFF 246750 and MAFF 246751 and MAFF 245966 (obtained 
from National Institute of Agrobiological Science, Japan (NIAS Genebank). 
 
Morphological study 
Morphological study indicated that three isolates were difference in cultural and 
morphological characteristics (Fig. 2). Brief description of morphological features for each 
species was presented as below: 
MAFF 246750 (isolated from fruit rot): Colonies on PDA were flat with entire edges, 
white to grey and cottony with scattered pale orange conidial mass near the center. On the 
PDA reverse side, colonies were colorless to white, and black spots occurred toward center. 
Asexual and sexual morphology were observed on PDA after seven days. Conidia were 14.5-
19.5 x 4-6.5 µm (average 16.6 x 5.3 µm, n = 30) in size, straight and cylindrical with broadly 
rounded ends. Setae were dense, dark brown, smooth-walled and 2-4 septate. Appressoria 
were lobed and 9.8-18.3 x 4.5-9.7 µm (average 14.0 x 7.0 µm, n = 30) in size (Fig. 3). In 
terms of teleomorph state, perithecia were oval and brown to dark brown color. Asci 
contained eight ascospores were clavate and 100.9-108.0 x 11.1-13.9 µm (average 103.6 x 
12.8 µm, n = 7) in size. Ascospores were hyaline, aseptate, smooth, and 14.0-20.0 x 4.5-8.0 
µm (average 16.9 x 6.5 µm, n = 30) (Fig. 3) in size. These morphological characters closed 











Fig. 2 Cultural and morphological characteristics of three Colletotrichum isolates obtained 
from Synsepalum dulcificum: (a) Upper view of colonies on PDA, (b) Reverse view of 











MAFF 246751 (isolated from leaf blight): Colonies on PDA after seven days were 
white in above, and colonies were pale pink in below. Aerial mycelium was greyish white, 
dense and cottony. Conidial masses were orange and presented at the inoculum point (Fig 4). 
Setae were present, 3-5 septate, pale brown to dark brown and smooth walled. Conidiophores 
were hyaline, and smooth-walled. Conidia were one-celled, smooth-walled, hyaline, fusiform 
with obtuse to slight rounded ends and 11.7-18.7 x 3.6-5.5 µm (average = 14.7 x 4.6 µm) in 
size. Appressoria were brown, ovoid, bud-shaped, and 5.1-11.3 x 4.2-7.0 µm (average = 7.5 
x 5.5, n = 30) in size. Appressoria were observed on SNA five days after incubation. 
Teleomorph stage was not observed. Altogether, this morphological descriptions matched 
those descriptions of C. gloeosporioides species complex.  
 
MAFF 245966 (isolated from leaf spot): Colonies on PDA after one week at 25 ºC 
were white to slightly grey and produced aerial mycelium at the center and scatter of tufts. 
On the reverse side, colonies were yellowish color near the center, colorless toward the edge. 
Conidia were in yellowish mass. Conidiophores were hyaline, smooth and cylindrical. 
Conidia on PDA plate after one week were hyaline, smooth-walled, aseptate, straight, 
cylindrical with broadly round ends and 14.0-18.0 x 5.5-8.0 µm in size. Setae were not 
observed. Appressoria on SNA were pale to medium brown, bud shape to bullet-shaped, 
smooth walled and 7.0-12.0 x 3.5-9.0 µm (average 8.7 x 5.6 µm, n = 30) in size. Asci were 
unitunicate, clavate-shaped, tapering, smooth walled, 51-70 x 9.0-14 µm (average 59.8 x 11.8 
µm, n = 7) in size and contained eight ascospores. Ascospores were aseptate, hyaline, smooth 
walled, fusiform to ovoid, slightly curved with rounded ends, and 15.0-17.0 x 5.0-6.0 µm 
(average 17.0 x 6.2 µm, n = 30) in size (Fig. 5).  From these characters, the morphological 









Fig. 3 Cultural and morphological features of Colletotrichum species isolated from fruit rot 
(MAFF 246750).  (a) Colonies on PDA after seven days (above), (b) Colonies on PDA after 
seven days (below), (c) Conidial masses on PDA, (d) Conidia on PDA, (e) Conidiophores on 
PDA, (f) Appressoria on NSA, (g) Seta on PDA, (h) Perithecium on infected fruit, (i) 






Fig. 4 Cultural and morphological features of Colletotrichum species isolated from leaf blight 
(MAFF 246751). (a-c) Observation on host: (a) Conidial masses, (b) Cross-section of an 
acervulus, (c) Conidia. (d-h) Observation on PDA: (d) Colonies after seven days (above), (e) 
Colonies after seven days (below), (f) Conidial masses, (g) Conidiophores and setae, (h) 






Fig. 5 Cultural and morphological features of Colletotrichum species isolated from leaf spot 
(MAFF 245966). (a-g) Observation on PDA: (a) Colonies after seven days (surface), (b) 
Colonies after seven days (reverse), (c) Conidial masses, (d) Conidiophores, (e) Conidia, (f) 





Phylogenetic analyses  
Sequence similarity searches of ITS region using BLAST were performed to identify 
Colletotrichum isolates. Comparisons of ITS sequences of Colletotrichum isolates on S. 
dulcificum with sequences in GeneBank showed that MAFF 246750 and MAFF 246751 
belong to the Colletotrichum gloeosporioides species complex while MAFF 245966 belongs 
to the Colletotrichum boninense species complex (Data not shown). Because the two species 
complexes are phylogenetically diverse groups, we carried out separate phylogenetic 
analyses of the two species complexes as follows. 
A phylogenetic analysis of the C. gloeosporioides species complex: The five-locus 
phylogenetic analysis of the C. gloeosporioides species complex included sequences of 50 
isolates with C. gigasporum (CBS 133266*) as the out-group (Table. 1). The combined 
alignment comprised 2557 characters. ML and BI analysis performed on the mentioned 
alignment with ACT: 1-282, CAL: 283-1035, GAPDH: 1036-1336, ITS: 1337-1839, and 
TUB2: 1840-2557. The phylogenetic analysis of the C. gloeosporioides species complex 
showed that MAFF 246750 and MAFF 246751 clearly separated into two main groups 
representing different species (Fig. 6). In the first main group, the isolate collected from fruit 
rot in Kanagawa (MAFF 246750), showed a close relationship to the available sequences of 
the reference species C. aenigma (ICMP 18608*). The second group, the isolate collected 
from leaf blight (MAFF 246751) in greenhouse (Hosei’s university greenhouse) formed 
group with the reference species C. siamense (ICMP 18578*). 
A phylogenetic analysis of the C. boninense species complex: A phylogenetic analysis 
of this species complex included sequences of 22 isolates with the out group, C. gigasporum 
(CBS 133266*) (Table 2). The combined alignment comprised totally 2089 characters. ML 
and BI analysis performed on the combined alignment with ACT: 1-280, CAL: 281-731, 
GAPDH: 732-1031, ITS: 1032-1577, and TUB2: 1578-2089. A result of phylogenetic 
analyses of the C. boninense species complex indicated that MAFF 245966 belonged to 
subgroup with the reference species C. karstii (Fig. 7), and fall within the intraspecific 
variation for this species. Interestingly, it was easy to recognize that MAFF 245966 closed 
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to C. karstii (CBS 128552), which was found on leaf of S. dulcificum in Taiwan (Damm et 
al. 2012a).  
 
Pathogenicity assay 
The pathogenicity assay showed that MAFF 246750 isolated from fruit rot produced 
dark brown lesions around wounded area (Fig. 8b). Seven days after inoculation, all tested 
fruits developed the symptoms of fruit rot. The fungus was re-isolated from diseased fruit. 
Non-wounded and control fruits did not show any symptoms.  
 The assay conducted on leaves indicated that both isolates, MAFF 245966 and MAFF 
246751, were able to cause leaf diseases on miracle fruit. The symptoms were first medium 
brown to dark brown on wounded area and then enlarged on the rest of the leaves (Figs. 8d 
and 8f). Both two inoculums were re isolated from inoculated leaves. On the control and non-
wounded leaves, both MAFF 246751 and MAFF 245966 did not provide any symptom (Figs. 







Table 1 DNA sequence data of species in the Colletotrichum gloeosporioides species complex 
 
Species Accession No1. GenBank No2. 
ITS GAPDH CAL ACT TUB2 
C. aenigma ICMP 18608* JX010244 JX010044 JX009683 JX009443 JX010389 
C. aenigma MAFF 246750 LC412412 LC412415 LC412414 LC412413 LC412416 
C. aeschynomenes ICMP 17673* JX010176 JX009930 JX009721 JX009483 JX010392 
C. alatae CBS 304.67* JX010190 JX009990 JX009738 JX009471 JX010383 
C. alienum ICMP 12071* JX010251 JX010028 JX009654 JX009572 JX010411 
C. aotearoa ICMP 18537* JX010205 JX010005 JX009611 JX009564 JX010420 
C. asianum ICMP 18580* FJ972612 JX010053 FJ917506 JX009584 JX010406 
C. changpingense MFLUCC 15-0022 KP683152 KP852469 - KP683093 KP852490 
C. clidemiae ICMP 18658* JX010265 JX009989 JX009645 JX009537 JX010438 
C. conoides CGMCC 3.17615* KP890168 KP890162 KP890150 KP890144 KP890174 
C. cordylinicola MFLUCC 090551* JX010226 JX009975 HM470238 HM470235 JX010440 
C. endophytica MFLUCC13-0418* KC633854 KC832854 KC810018 KF306258 - 
C. fructivorum  CBS 133125* JX145145 - - - JX145196 
C. fructicola ICMP 18581* JX010165 JX010033 FJ917508 FJ907426 JX010405 
C. fructicola (syn. C. 
ignotum) 
CBS 125397(*) JX010173 JX010032 JX009674 JX009581 JX010409 
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C. fructicola (syn. 
Glomerella cingulata 
var. minor) 
CBS 238.49 (*) JX010181 JX009923 JX009671 JX009495 JX010400 
C. gloeosporioides IMI 356878* JX010152 JX010056 JX009731 JX009531 JX010445 
C. grevilleae CBS 132879* KC297078 KC297010 KC296963 KC296941 KC297102 
C. grossum CGMCC 3.17614* KP890165 KP890159 KP890147 KP890141 KP890171 
C. hebeiense MFLUCC 13-0726* KF156863 KF377495 - - KF288975 
C. henanense CGMCC 3.17354* KJ955109 KJ954810 KJ954662 KM023257 KJ955257 
C. horii NBRC 7478* GQ329690 GQ329681 JX009604 JX009438 JX010450 
C. jiangxiense CGMCC 3.17363* KJ955201 KJ954902 KJ954752 KJ954471 KJ955348 
C. kahawae subsp. 
ciggaro 
ICMP 18539* JX010230 JX009966 JX009635 JX009523 JX010434 
C. kahawae subsp. 
kahawae 
IMI 319418* JX010231 JX010012 JX009642 JX009452 JX010444 
C. kahawae subsp. 
ciggaro   (syn. 
Glomerella cingulata 
var. migrans) 
CBS 237.49 (*) JX010238 JX010042 JX009636 JX009450 JX010432 
C. kahawae subsp. 
ciggaro (syn. 
Glomerella 





C. musae CBS 116870* JX010146 JX010050 JX009742 JX009433 HQ596280 
C. nupharicola CBS 470.96* JX010187 JX009972 JX009663 JX009437 JX010398 
C. proteae CBS 132882* KC297079 KC297009 KC296960 KC296940 KC297101 
C. psidii CBS 145.29* JX010219 JX009967 JX009743 JX009515 JX010443 
C. queenslandicum ICMP 1778* JX010276 JX009934 JX009691 JX009447 JX010414 
C. rhexiae CBS 133134* JX145128 - - - JX145179 
C. salsolae ICMP 19051* JX010242 JX009916 JX009696 JX009562 JX010403 
C. siamense ICMP 18578* JX010171 JX009924 FJ917505 FJ907423 JX010404 
C. siamense MAFF 246751 LC412417 LC412420 LC412419 LC412418 LC412421 
C. siamense (syn. C. 
hymenocallidis) 
CBS 125378 (*) JX010278 JX010019 JX009709 GQ856775 JX010410 
C. siamense (syn. C. 
jasmini-sambac) 
CBS 130420 (*) HM131511 HM131497 JX009713 HM131507 JX010415 
C. syzygicola MFLUCC 10-0624* KF242094 KF242156 KF254859 KF157801 KF254880 
C. temperatum  CBS 133122* JX145159 - - - JX145211 
C. theobromicola CBS 124945 * JX010294 JX010006 JX009591 JX009444 JX010447 
C. theobromicola 
(syn. C. fragariae) 
CBS 142.31 (*) JX010286 JX010024 JX009592 JX009516 JX010373 
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*= ex-type culture, (*) = ex-type culture of synonymized taxon 
1BRIP = Queensland Plant Pathology Herbarium (Australia); CBS: Culture collection of the Westerdijk Fungal Biodiversity 
Institute, Utrecht, The Netherlands; CGMCC: Chinese General Microbiological Culture Collection Center, Beijing, China; 
GZAAS: Guizhou Academy of Agriculture Science, Guizhou Province, China; ICMP: International Collection of 
Microorganisms from Plants, Auckland, New Zealand; IMI: International Mycological Institute, Kew, UK; MAFF: Genebank 
Project, the Genetic Resources Center, NARO (National Agriculture and Food Research Organization), Tsukuba, Japan; 
MFLUCC = Mae Fah Luang University Culture Collection (Thailand); MULC = Belgian Co-ordinated Collections of Micro-
organisms, (agro)industrial fungi & yeasts (Belgium); NBRC = Biological Resource Center, National Institute of Technology 





MUCL 42294 (*) JX010289 JX009962 JX009597 JX009575 JX010380 
C. ti ICMP 4832* JX010269 JX009952 JX009649 JX009520 JX010442 
C. tropicale CBS 124949* JX010264 JX010007 JX009719 JX009489 JX010407 
C. viniferum GZAAS 5.08601* JN412804 JN412798 - JQ309639 JN412813 
C. wuxiense CGMCC 3.17894* KU251591 KU252045 KU251939 KU251833 KU252200 
C. xanthorrhoeae BRIP 45094* JX010261 JX009927 JX009653 JX009478 JX010448 
Glomerella cingulata 
“f.sp.camelliae” 
ICMP 10646 JX010225 JX009993 JX009629 JX009563 JX010437 
C. gigasporum  CBS 133266* KF687715 KF687822 - –  KF687866 
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2ITS: internal transcribed spacers and intervening 5.8S nrDNA; GAPDH: partial glyceraldehyde-3-phosphate dehydrogenase 
gene; CAL: partial calmodulin gene; ACT: partial actin gene; TUB2: partial beta-tubulin gene. Sequences generated in this study 



























ITS GAPDH CAL ACT TUB2 
C. annellatum  CBS 129826* JQ005222 JQ005309 JQ005743 JQ005570  JQ005656 
C. beeveri  CBS 128527* JQ005171 JQ005258 JQ005692 JQ005519  JQ005605 
C. boninense  CBS 123755* JQ005153 JQ005240 JQ005674 JQ005501  JQ005588 
C. brasiliense  CBS 128501* JQ005235 JQ005322 JQ005756 JQ005583  JQ005669 
C. brassicicola  CBS 101059* JQ005172 JQ005259 JQ005693 JQ005520  JQ005606 
C. camelliae-
japonicae  
CGMCC 3.18118* KX853165 KX893584 - KX893576  KX893580 
C. citricola  CBS 134228* KC293576 KC293736 KC293696 KC293616  KC293656 
C. colombiense  CBS 129818* JQ005174 JQ005261 JQ005695 JQ005522  JQ005608 
C. constrictum  CBS 128504* JQ005238 JQ005325 JQ005759 JQ005586  JQ005672 
C. cymbidiicola  IMI 347923* JQ005166 JQ005253 JQ005687 JQ005514  JQ005600 
C. dacrycarpi  CBS 130241* JQ005236 JQ005323 JQ005757 JQ005584  JQ005670 
C. hippeastri  CBS 125376* JQ005231 JQ005318 JQ005752 JQ005579  JQ005665 
C. karstii MAFF 245966 LC412407 LC412410 LC412409 LC412408 LC412411 
C. karstii CBS 132134* HM585409 HM585391 HM582013 HM581995 HM585428 





CBS 128505* JQ005228 JQ005315 JQ005749 JQ005576  JQ005662 
C. oncidii  CBS 129828* JQ005169 JQ005256 JQ005690 JQ005517  JQ005603 
C. parsonsiae  CBS 128525* JQ005233 JQ005320 JQ005754 JQ005581  JQ005667 
C. petchii  CBS 378.94* JQ005223 JQ005310 JQ005744 JQ005571  JQ005657 
C. phyllanthi  CBS 175.67* JQ005221 JQ005308 JQ005742 JQ005569  JQ005655 
C. torulosum CBS 128544* JQ005164 JQ005251 JQ005685 JQ005512 JQ005598 
C. gigasporum  CBS 133266* KF687715 KF687822 - –  KF687866 
*= ex-type culture. 
1CBS: Culture collection of the Westerdijk Fungal Biodiversity Institute, Utrecht, The Netherlands; CGMCC: Chinese General 
Microbiological Culture Collection Center, Beijing, China; IMI: International Mycological Institute, Kew, UK; MAFF: 
Genebank Project, the Genetic Resources Center, NARO (National Agriculture and Food Research Organization), Tsukuba, 
Japan. 
2ITS: internal transcribed spacers and intervening 5.8S nrDNA; GAPDH: partial glyceraldehyde-3-phosphate dehydrogenase 
gene; CAL: partial calmodulin gene; ACT: partial actin gene; TUB2: partial beta-tubulin gene. Sequences generated in this study 




Fig. 6 Maximum likelihood phylogenetic tree showing the relationship of  MAFF 246750, 
MAFF 246751 and trains of Colletotrichum gloeosporioides species complex based on a 
five-gene combined datasets (ITS, GAPDH, CAL, ACT and TUB2). The RAxML bootstrap 
support values (ML>70%) and Bayesian posterior probabilities (PP>0.7) are display at the 
nodes (ML/PP). The tree was rooted to C. gigasporum (CBS 133266*). *=ex-type strain, (*) 






Fig. 7 Maximum likelihood phylogenetic tree showing the relationship between MAFF 
245966 and trains of Colletotrichum boninense species complex based on a five-gene 
combined datasets (ITS, GAPDH, CAL, ACT and TUB2). The RAxML bootstrap support 
values (ML>70%) and Bayesian posterior probabilities (PP>0.7) are display at the nodes 





Fig. 8 Pathogenicity test of three Colletotrichum species on S. dulcificum seven days after 
inoculation. (a) MAFF 246750 on control fruit, (b) MAFF 246750 on inoculated fruits, (c) 
MAFF 246751 on control leaf, (d) MAFF 246751 on inoculated leaf, (e) MAFF 245966 on 





Using ITS is useful in preliminary identification species of Kingdom fungi (Schoch 
et al. 2012). Our results of BLAST search indicated that our three Colletotrichum species 
belonged to the C. gloeosporioides species complex and the C. boninense species complex, 
respectively.  
The fungus isolated from fruit rot was identified as Colletotrichum aenigma. This 
species has been reported as an anthracnose pathogen on several plants around the world 
(Diao et al. 2017; Gan et al. 2017; Meetum et al. 2015; Schena et al. 2014). Database of plant 
diseases in Japan (http://www.gene.affrc.go.jp/databases-micro_pl_diseases_en.php) 
showed C. aenigma to be associated with anthracnose or other diseases on Buckwheat, 
Japanese horse chestnut, mango, apple, melon, grape and strawberry. It suggests that this 
species has a wide geographic distribution and broad host range in Japan. 
Two isolations obtained from leaf spot and leaf blight were identified as C. karstii 
and C. siamense, respectively. Colletotrichum karstii has the broadest geographical range in 
C. boninense species complex (Damm et al. 2012a). In Japan, the species were previously 
found on several hosts such as Clivia miniata, Cucumis melo, Passiflora edulis, Epipremnum 
aureum and Amaryllis belladonna, etc. (Sato et al. 2016; Damm et al 2012a). Our study is 
the second record of C. karstii as phytopathogenic fungus in Japan after Ichinose et al. (2016). 
This species has been found on various host plants (Lima et al. 2013). Damm et al. (2012a) 
identified culture strain CBS 128552 found on leaf of Synsepalum dulcificum as C. karstii. 
However, the pathogenicity of this species on S. dulcificum has not been tested before. Based 
on the result of our study, we found that this species causes of leaf spot on S. dulcificum.  
Colletotrichum siamense belonging to the C. gloeosporioides species complex was 
first confirmed as pathogen associated with anthracnose of coffee berries in the northern 
Thailand (Prihastuti et al. 2009), and this species has now been recorded on many hosts 
(Honger et al. 2016; Sharma and Shenoy 2013). It is evaluated as a dominant species on 
tropical fruits (Sharma and Shenoy 2013). Recently, the taxonomic position of C. siamense 
has been under debate. Wikee et al. (2011) and Prihastuti et al. (2009) found C. siamense 
could be a species complex whereas Liu et al. (2016a) indicated C. siamense as a single 
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species based on statistical analysis using multi-locus sequence data, cross-mating and 
genetic recombination test. In this study, our phylogenetic tree showed slight phylogenetic 
distance between our isolate and C. siamense supported by 98% bootstrap values. We 
therefore tentatively identified it as C. siamense.  
This study provides the first report of fruit rot, leaf blight and leaf spot caused by 
three Colletotrichum species on S. dulcificum based on pathogenicity test, morphological and 
molecular identification methods. This information of host and pathogens will aid plant 
pathologists in designing disease control strategies for S. dulcificum. Further studies such as 
host range, disease impact on yield, and control methods for these Colletotrichum species 




















Identification and pathogenicity of Colletotrichum species 

















Identification and pathogenicity of Colletotrichum species 
associated with Capsicum anthracnose in Japan 
 
Abstract In Japan, only a few Colletotrichum species have been reported as pathogens 
on capsicum fruits (Capsicum spp.) from previous studies. Twenty-five isolates of 
Colletotrichum spp. associated with capsicum anthracnose were collected from diseased 
fruits in several regions in Japan. Based on morphological identification, 25 isolates belonged 
to five species complex: C. gloeopsporioides, C. orchidearum, C. truncatum, C. boninense 
and C. acutatum. For molecular identification, the multi-locus phylogenetic analyses (ITS, 
GAPDH, CHS-1, ACT and TUB2) indicated that the 25 isolates were Colletotrichum sojae, 
C. karstii, C. jiangxiense, C. fructicola, C. truncatum, C. scovillei and C. aenigma. 
Colletotrichum aenigma, C. jiangxiense, C. karstii, C. truncatum and C. sojae were new 
pathogens to Japanese capsicum fruits. Colletotrichum jiangxiense was found on capsicum 
fruits for the first time in the world. Our inoculation test statistically confirmed that all species 
were pathogens to capsicum fruits, and C. scovillei was demonstrated as the strongest 
















Capsicum (Capsicum spp.) is an important vegetable crop worldwide. Its fruit has 
been great popularity as an essential culinary ingredient in many food recipes and as main 
spice in many dishes throughout the world. However, capsicum cultivation often faces a 
problem of production restricted by anthracnose disease (Than et al. 2008a). It is one of the 
devastating postharvest diseases affecting capsicum yield in the tropics and subtropics (Than 
et al. 2008a). The infection may occur in both pre- and postharvest fruit rot (Than et al. 
2008a), which result in a significant yield loss and/or damage to quality of capsicum fruit in 
the world (De Silva et al. 2017; Montri et al. 2009). The losses were, for instance, up to 80% 
in Thailand (Poonpolgul et al. 2007) and up to 100% in USA (Lewis-Ivey et al. 2004).   
So far, about twenty-four Colletotrichum species have been recorded as anthracnose 
pathogens on capsicum fruits (Mongkolporn and Taylor 2018). Among them, C. scovillei, C. 
truncatum and C. siamense were main pathogens to the plant (Mongkolporn and Taylor 
2018). In Japan, anthracnose symptoms of fruit rot often are found on commercial capsicum 
fields, and C. nigrum, C. capsici, C. scovillei and C. fructicola has been recorded as the 
pathogens (Kanto et al. 2014; Database of Plant Diseases in Japan 
https://www.gene.affrc.go.jp/databases-micro_pl_diseases_en.php).  
The objectives of this study were to know (1) how many species of Colletotrichum 
related to the anthracnose disease on capsicum fruits in Japan; (2) which Colletotrichum 












Materials and methods 
 
Sampling and isolation 
Since 2018, capsicum fruits showing anthracnose symptoms were collected from the 
fields in Tokyo, Kawasaki and Saitama prefectures of Japan. The typical symptoms were 
mainly found on the surface of maturity fruits (Fig. 9). Sometimes, they also appeared on 
peduncle. At the beginning, the symptoms were small and sunken. The lesions then expanded 
their size and finally showed the typical anthracnose symptoms with sunken necrotic lesions 
with concentric rings. The symptoms were normally covered by conidial masses or acervuli 
and black setae. From infected fruits, eleven Colletotrichum isolates were obtained by using 
the single spore method. Conidial masses were touched with a sterilized needle, and the 
obtained conidia were suspended in sterile water. The conidial suspension was streaked on 
the surface of water agar (WA) plates by a sterilized wire. After 24 h, a single germinated 
spore was picked up with a sterilized needle and transferred onto Potato Dextrose Agar 
(PDA) plate. Pure cultures were stored in PDA slants at 10 oC in the laboratory and preserved 
at the National Institute of Agrobiological Science, Japan (NIAS Genebank) as MAFF 
246913-246923. 
Twenty-five isolates were conducted in our study. Among them, eleven isolates were 
found from field surveys (during 2018-2019) and the other 14 isolates were received from 
the National Institute of Agrobiological Science (NIAS Genebank), Japan. They were MAFF 
242693, MAFF 242421, MAFF 244126, MAFF 243038, MAFF 244123, MAFF 242420, 
MAFF 243022, MAFF 242592, MAFF 242692, MAFF 243021, MAFF 238277, MAFF 



























Starter cultures were prepared by growing each isolate on PDA plates at 25 oC. After 
seven days, the size and shape of 30 conidia harvested from each culture were recorded. 
Beside the conidial characters, other morphological features such as shape and size of 
appressoria, absence or presence of setae and colony character were also observed. 
Appressoria were produced using a slide-culture technique (Johnston and Jones 1997). These 
selected conidia and appressoria were observed under a stereo microscope (Olympus, Tokyo, 
Japan) and a compound microscope (Olympus, Tokyo, Japan). Images were captured with a 
digital camera (Olympus DP21, Tokyo, Japan). The size was calculated by using ‘imageJ’ 
software (free download available at http://rsbweb.nih.gov/ij/).   
 
DNA extraction and PCR amplification 
For DNA extraction, fungal mycelium was grown on PDA for seven days at 25 oC. 
Then, the mycelium was scraped from the surface of the PDA and extracted using 
UltraClean® Microbial DNA Isolation Kit (MOBIO, Laboratories, Inc., California, USA) 
according to the instruction of the manufacturer.  
Primers were based on previous published studies: ITS with ITS-1F/ITS-4 (Gardes 
and Bruns 1993; White et al. 1990), ACT with primers ACT-512F/ACT-783 (Carbone and 
Kohn 1999), CHS-1 with primers CHS-354R/CHS-79F (Carbone and Kohn 1999), GAPDH 
with primers GDF1/GDR1 (Guerber et al. 2003) and TUB2 with primers T1/Bt2b (O’Donnell 
and Cigelnik 1997; Glass and Donaldson 1995). Conditions for PCR of ITS were 4 minutes 
at 95 oC; then 35 cycles of 95 oC for 30 seconds, 52 oC for 30 seconds, 72 oC for 45 seconds 
and final extension at 72 oC for 7 minutes. The optimum annealing temperature was different 
for other loci: GAPDH at 60 oC; CHS-1 at 58 oC; ACT at 58 oC and TUB2 at 55 oC (Weir et 
al. 2012). DNA concentrations were estimated visually in 3% agarose gel in 1.0x Tris-acetate 
acid EDTA (TAE) buffer. Then pictures were taken under UV light after staining the gel with 
ethidium bromide for 10 to 15 minutes. 
Then PCR products were purified using ExoSap-IT PCR Clean-up kit (GE Healthcare 
Life Science, Buckinghamshire, UK) following the manufacturer's instructions. The DNA 
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sequences generated with forward and reverse primers were obtained from 3130xl Genetic 
Analyzers (Applied Biosystems, California, USA) with BigDye v.3.1 chemistry (Life 
Technologies, California, USA). 
 
Phylogenetic analysis 
The quality of the nucleotide sequences and the contig assembly were carried out 
using the GeneStudioTM Pro version 2.2.0.0 software package (GeneStudio Inc., Georgia, 
USA). Then, the DNA sequences obtained were aligned by using the FFT-NS-I strategy of 
MAFFT version 7 (Katoh and Standley 2013). Multiple sequence alignments of each gene 
used Mesquite version 3.2 (Maddison and Maddison 2017) and manually adjusted to allow 
maximum sequence similarity. Phylogenetic analysis was constructed from sequences of the 
five loci combined by Bayesian inference (BI) and Maximum likelihood (ML). ML bootstrap 
values (≥ 70 %) and Bayesian PP values (≥ 0.7) were shown at the nodes of the phylogenetic 
trees. 
For Bayesian analyses, a Markov Chain Monte Carlo (MCMC) algorithm was used 
to generate a phylogenetic tree with Bayesian probabilities using MrBayes version 3.2.6 
(Ronquist and Huelsenbeck 2003). Models of nucleotide substitution for each gene 
determined by MrModeltest version 2.3 were included for each gene partition. The analysis 
of the two chains were run from random trees for 2.000.000 generations. Samples were taken 
from the 500.000 generations every 500 generations. Sequences of Colletotrichum species 
obtained from GeneBank were included in the analysis. 
In terms of Maximum likelihood analyses, the combined dataset of five mentioned 
loci using RAxML (version 7.0.3). Branch and branch node support was determined using 
100 bootstrap replicates (Stamatakis et al. 2008). 
 
Pathogenicity test 
Hot and sweet capsicum fruits were conducted for pathogenicity test. Before 
inoculation, healthy capsicum fruits were surface-sterilized using 70% ethanol and rinsed 
three times with distilled water. The fruits were then dried using sterilized tissue papers 
39 
 
followed by air-drying in a laminar flow bench. Representative isolates; MAFF 246916 (C. 
sojae), MAFF 246921 (C. karstii), MAFF 238377 (C. jiangxiense), MAFF 246918 (C. 
fructicola), MAFF 243068 (C. truncatum), MAFF 243038 (C. scovillei) and MAFF 246920 
(C. aenigma) were used as inoculums. The test was performed using a protocol for the 
mycelia plug method (Sanders and Korsten 2003) with wounded and unwounded healthy 
fruits. Artificial wounds were made by pricking the fruits by sterilized needles. Mycelial 
plugs (5 mm) were obtained from seven-day-old cultures using a sterilized cork borer. The 
plugs then transferred to the wounded and unwounded areas of the fruits using sterile 
inoculation needle. Each mycelial plug was covered by one cm2 wet cotton to maintain the 
moisture. For the control, the fruits were inoculated with pure PDA plugs. The inoculated 
fruits were then placed in plastic boxes with wet sterilized papers to maintain relative high 
humidity and these boxes sealed with covers. All boxes were incubated at room temperature 
(approximately 25 oC) for seven days. Three replicates were performed for each treatment, 
and the experiment was conducted twice. The wet cottons were removed two days after 
incubation. Disease reactions and symptoms were evaluated at seven days after inoculations 
by measuring the length and the width of the anthracnose lesions that had developed on these 
tested fruits. To confirm Koch’s postulates, fungi from inoculated fruits were re-isolated, 
morphological traits of the isolated fungi were checked. The disease severity (DS) was 
determined based on score scale described by Montri et al. (2009). 
DS was calculated based on the following formula described by (Noor and Zakaria 2018): 
 
DS =  
 
∑ (a x b) = sum of the infected fruits and their corresponding score scale. 
N = total number of sampled fruits. 
Z = highest score scale. 
Level of virulence from each isolate was determined based on the DS value. 
According to Charoenporn et al. (2010), the virulence was avirulence (DS=0), low virulence 
(DS≤30), moderate virulence (DS>30 to 60), high virulence (DS>60 to 80), and very high 
N.Z 




virulence (DS>80). DS data were analyzed using analysis of variance (ANOVA), and 
significant differences among the isolates were analyzed by Duncan test (p<0.05) using 
































Based on distinctness of morphological and colony characteristics among the isolates, 
they were divided into seven morphological groups (Fig. 10).  The general information of 
morphological features of each group was summarized as below: 
Group 1 included one isolate (MAFF 238377). The morphological features were 
presented in figure 11. On PDA, colonies were white to grey. Mycelia were hyaline and 
branched. Conidia were one cell, hyaline, cylindrical, rounded ends or one end rounded one 
end acutely rounded and 14.2-18.9 x 4.9-7.2 µm in size. Setae were absent. Appressoria were 
single, sometimes in small group, irregular shape, brown to dark brown and 7.0-16.5 x 5.0-
9.0 µm  in size. Sexual stage did not observed. Based on conidial characters, this group 
closed to the description of C. gloeosporioides species complex.   
Group 2 included three isolates (MAFF 246913, MAFF 246919 and MAFF 246920). 
Aerial mycelium was spare, cottony and white. On PDA plate, conidia presented in masses 
of orange at the center. Conidiophore were hyaline, short, spare, formed from the agar surface 
and branched. Setae formed from the base of conidiophores cells. Conidia were one cell, 
hyaline, cylindrical, rounded ends, sometimes one end rounded one end acute and 12.5-19.0 
x 4.0-7.0 µm. Ascospores were one cell, rounded ends and 16.0-20.0 x 5.0-7.0 µm in size. 
Appressoria on SNA were dark brown, irregular shape and 6.0-16.5 x 4.0-9.5 µm in size. The 
morphological characteristics of these three isolates was shown in figure 12. These characters 





Fig 10. Group of morphological characters of 25 isolates in the study: (a) Colonies on PDA 







Fig. 11 Description of Colletotrichum species belonged to group 1 (MAFF 238377). (a-e) 
Observation on PDA: (a) Colonies after seven days (above: surface), (b) Colonies after seven 
days (below: reverse), (c-e) Conidia. (f-i) Observation on SNA: (f-h) Appressoria, (i) Hyphae.  
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Fig. 12 Description of Colletotrichum species belonged to group 2 (MAFF 246913, MAFF 
246919 and MAFF 246920). (a–f) Observation from infected fruits: (a) Acervuli, (b) Cross-
section of an acervulus, (c) Conidia, (d) Perithecium, (e) Asci with ascospores, (f) 
Ascospores. (g-k) Observation on PDA: (g) Colonies after seven days (above: surface; 
below: reverse), (h) Conidial masses, (i) Conidiophores and setae, (j) Conidia, (k) 
Ascospores. (l) Appressoria on SNA. 
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Group 3 included five isolates (MAFF 246923, MAFF 246922, MAFF 246918, 
MAFF 246914 and MAFF 246915). Their morphological characters were showed in figure 
13. On PDA, colonies were dark grey at the center and white towards the edge. Conidia 
presented in masses of orange. Conidiophores were branched and hyaline. Conidia were one-
celled, smooth-walled, cylindrical, slightly rounded ends and 13.5-19.0 x 5.0-7.0 µm. Setae 
presented, formed from the base of conidiophores cells, 2-4 septate, pale to medium brown, 
base conical to inflated and tip acute. Ascospores were slightly curved, rounded ends and 
15.0-24.0 x 4.0-7.0 µm. The morphological characters of this group matched the overall 
description of C. gloeosporioides species complex. 
Group 4 comprised 2 isolates (MAFF 246917 and MAFF246921) of which features 
were illustrated in figure 14. On PDA, colonies were white. Conidia presented in yellow to 
orange masses. Conidiophores were strongly branched, hyaline and septate. Conidiogenous 
cells were hyaline and smooth-walled. Conidia were one-celled, cylindrical, rounded ends 
and 14.3-17.7 x 6.3-8.0 µm in size. Teleomorph was found on host and on PDA. Asci 
comprised 8-spored, clavate and fasciculate. Ascospores were hyaline, slightly curved and 
16.2-20.4 x 5.4-7.5 µm in size. Appressoria were single or in small group of 2-3, pale to 
medium brown, irregular shape and 6.0-12.5 x 4.5-9.5 µm in size. On the whole, 
morphological features of this group fitted the description of C. boninense species complex. 
Group 5 included two isolates (MAFF 242674 and MAFF 243068) with curved 
conidia.  On PDA, colonies were white. Hypha was hyaline, septate and branched. Acervuli 
formed on the agar surface. Conidiophores and setae formed directly on the base of acervuli. 
Conidiophores were hyaline, smooth-walled and septate. Conidia were hyaline, smooth-
walled, aseptate, slightly curved to curved, truncate base, acute apex and 20.0-27.0 x 3.5-5.0 
µm in size. Setae were pale brown in the middle, sometimes hyaline towards the tip, 2-5 
septate, base conical and cylindrical to slightly acute. Appressoria were irregular shape and 
8.0-17.0 x 5.0-8.5 µm in size. Teleomorph was not observed. Based on these morphological 
characters, the isolates were matched with the description of the C. truncatum species 




Fig. 13 Description of Colletotrichum species group 3 (MAFF 246923, MAFF 246922, 
MAFF 246918, MAFF 246914 and MAFF 246915). (a–f) Observation from infected fruit: 
(a) Conidial masses, (b) Cross-section of an acervulus, (c) Perithecium, (d) Conidiophores, 
(e) Conidia, (f) Asci. (g-k) Observation on PDA: (g) Colonies after seven days (above: 
surface; below: reverse), (h) Conidial masses, (i) Conidiophores, (j) Conidia, (k) Ascospores. 





Fig. 14 Description of Colletotrichum species group 4 (MAFF 246917 and MAFF246921). 
(a–f) Observation from infected fruit: (a, b) Acervuli, (c) Conidiophores, (d) Conidia, (e) 
Setae, (f) Asci with ascospores. (g-m) Observation on PDA: (g) Colonies after seven days 
(above: surface; below: reverse), (h) Conidial masses, (i) Conidiophores, (j) Conidia, (k) 
Seta, (l, m) Ascospores. (n, o) Appressoria on SNA.  
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Fig. 15 Description of Colletotrichum species group 5. (a–f) On MAFF 242674: (a) Colonies 
after seven days (above: surface; below: reverse), (b) Acervuli with setae, (c) Conidiophores, 
(d) Seta, (e) Conidia; (f) Appressoria. (g-l) On MAFF 243068: (g) Colonies after seven days 
(above: surface; below: reverse), (h) Acervuli with setae, (i) Conidiophores, (j) 
Conidiophores with setae, (k) Conidia, (l) Appressoria. 
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Group 6 consisted of two isolates MAFF 246916 and MAFF 238378. Their 
morphological features were presented in figure 16.  On PDA, colonies were flat with entire 
margin, covered by thin and white to pale pink hyphae. Conidiophores and setae formed 
directly from hyphae. Conidiophores were hyaline and aseptate. Conidial masses were 
presented in yellow color. Conidia were cylindrical, rounded ends, 16.1-20.7 x 4.6-6.1µm 
and L/W ratio = 3.2. Sexual stage were easily observed. Asci contained eight ascospores, 
clavate and fasciculate. Ascospores were curved and 20.5-29 x 4.0-6.0 µm in size. 
Appressoria were single or in small group of 2, medium to dark brown, irregular roundish 
outline, with lobate margin and 10.5-20.0 x 6.5-13.5 µm in size. Altogether, morphological 
features of this group closed to the morphological description of C. orchidearum species 
complex. 
The last, group 7, was the largest group with 10 isolates, and their morphological 
characteristics were illustrated in figure 17.  On PDA, colonies were grey in the center and 
white toward the edge. Conidia presented in masses of yellow. Conidiophores were hyaline, 
aseptate, sometime septate, branched and formed directly on the agar surface. Setae were not 
observed. Conidia were hyaline, smooth-walled, aseptate, straight, cylindrical, acute the ends 
and 13.0-20 x 3.0-60 µm in size. Setae and sexual morph were not observed. All 













Fig. 16 Description of Colletotrichum species group 6 (MAFF 246916 and MAFF 238378). 
(a, b) Observation on infected fruit: (a) Acervuli, (b) Conidia. (c-j) Observation on PDA: (c) 
Colonies after seven days  (above: surface; below: reverse), (d) Conidial masses, (e) Seta, (f) 
Conidiophores, (g) Conidia, (h) Perithecia, (i) Asci and ascospores, (j) Ascospores. (k) 




Fig. 17 Description of Colletotrichum species group 7. (a-d) Observation on PDA: (a) 
Colonies after seven days (above: surface; below: reverse), (b) Conidiophores, (c, d) Conidia. 






Results in BLAST search indicated that twenty-five isolates divided into five 
Colletotrichum species complexes: Colletotrichum gloeosporioides, C. boninense, C. 
truncatum, C. orchidearum and C. acutatum (table 3). Therefore, to determine each species 
name, we carried out separate phylogenetic analyses with these five species complexes. All 
isolates were subjected to multi-locus phylogenetic trees generated from the Bayesian and 
RAxML analyses using ITS, GAPDH, CHS-1, ACT and TUB2. Because the same consensus 
phylogram for concatenated trees were obtained by the BI and ML analytical methods, only 
ML trees were presented. 
 
Colletotrichum gloeosporioides species complex: The five-locus phylogenetic 
analysis of the C. gloeosporioides species complex included sequences of 51 isolates with C. 
gigasporum (CBS 133266*) as the out-group (Table. 4). The combined alignment comprised 
1964 characters. ML and BI analysis performed on the mentioned alignment with ITS: 1-
472; GAPDH: 473-736; CHS-1: 737-978; ACT: 979-1214 and TUB2: 1215-1964. The 
phylogenetic analysis of the C. gloeosporioides species complex showed that Colletotrichum 
isolates of the first three group clearly separated into three main groups representing different 
species (Fig. 18). In the first clade, five isolates of group 3 including two isolates collected 
from Kawasaki, two isolates from Tokyo, and one isolate from Saitama formed two 
subgroups with the reference species C. fructicola (ICMP 18581*) and fall within the 
intraspecific variation for this species. The second clade with three isolates of group 2 
including two isolates collected from Tokyo and one isolated from Kawasaki prefecture. 
These three isolates showed a close relationship to the available sequences of the reference 
species C. aenigma and fall within the intraspecific variation for this species. The last clade 
belonged to C. gloeosporioides species complex comprising only one Colletotrichum isolate 






Table 3. Blast search bases on ITS sequence of Colletotrichum isolates on capsicum. 
Isolate 
Fungal name Accession number Percent identity 
(%) 
MAFF238377 C. jiangxiense 
 
NR_152279 99.61 
MAFF238378 C.  sojae NR_158358 99.81 
MAFF243068 C. truncatum NR_111458 99.81 
MAFF242674 C. truncatum NR_111458 100.00 
MAFF242420 C. scovillei 
 
NR_111737 100.00 
MAFF242421 C. scovillei 
 
NR_111737 100.00 
MAFF242592 C. scovillei  
 
NR_111737 100.00 
MAFF242692 C. scovillei  
 
NR_111737 100.00 
MAFF243021 C. scovillei 
 
NR_111737 100.00 
MAFF242693 C. scovillei  
 
NR_111737 100.00 
MAFF243022 C. scovillei 
 
NR_111737 100.00 
MAFF243038 C. scovillei  
 
NR_111737 100.00 








MAFF 246913 C. aenigma NR_120140   100.00 
MAFF 246914 C. aeschynomenes NR_120133 100.00 
MAFF 246915 C. aeschynomenes NR_120133 99.83 
MAFF 246916 C.  sojae NR_158358 100.00 
MAFF 246917 C. karstii 
 
NR_144790 99.81 
MAFF 246918 C. aeschynomenes NR_120133 100.00 
MAFF 246919 C. aenigma NR_120140 99.83 
MAFF 246920 C. aenigma NR_120140 99.83 
MAFF 246921 C. karstii 
 
NR_144790 99.81 
MAFF 246922 C. aeschynomenes NR_120133 99.83 
MAFF 246923 C. aeschynomenes NR_120133 100.00 
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Table 4 DNA sequence data of species in the Colletotrichum gloeosporioides species complex 
Species Accession No1. GenBank No2. 
ITS GAPDH CHS-1 ACT TUB2 
C. aenigma ICMP 18608* JX010244 JX010044 JX009774 JX009443 JX010389 
C. aenigma MAFF 246913 LC479315 LC479311 LC479314 LC479312 LC479314 
C. aenigma MAFF 246919 LC479320 LC479316 LC479319 LC479317 LC479318 
C. aenigma MAFF 246920 LC479325   LC479321 LC479324 LC479322 LC479323 
C. aeschynomenes ICMP 17673* JX010176 JX009930 JX009799 JX009483 JX010392 
C. alatae CBS 304.67* JX010190 JX009990 JX009837 JX009471 JX010383 
C. alienum ICMP 12071* JX010251 JX010028 JX009882 JX009572 JX010411 
C. aotearoa ICMP 18537* JX010205 JX010005 JX009853 JX009564 JX010420 
C. asianum ICMP 18580* FJ972612 JX010053 JX009867 JX009584 JX010406 
C. changpingense MFLUCC 15-0022 KP683152 KP852469 KP852449 KP683093 KP852490 
C. clidemiae ICMP 18658* JX010265 JX009989 JX009877 JX009537 JX010438 
C. conoides CGMCC 3.17615* KP890168 KP890162 KP890156 KP890144 KP890174 
C. cordylinicola MFLUCC 090551* JX010226 JX009975 JX009864 HM470235 JX010440 
C. endophytica MFLUCC13-0418* KC633854 KC832854 - KF306258 - 
C. fructivorum CBS 133125* JX145145 - - - JX145196 
C. fructicola ICMP 18581* JX010165 JX010033 JX009866 FJ907426 JX010405 
C. fructicola MAFF 246914 LC479305 LC479301 LC479304 LC479302 LC479303 
C. fructicola MAFF 246915 LC479310 LC479306 LC479309 LC479307 LC479308 
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C. fructicola MAFF 246918 LC479300 LC479296 LC479299 LC479297 LC479298 
C. fructicola MAFF 246922 LC479290 LC479286 LC479289 LC479287 LC479288 
C. fructicola MAFF 246923 LC479295 LC479291 LC479294 LC479292 LC479293 
C. fructicola (syn. C. 
ignotum) 
CBS 125397(*) JX010173 JX010032 JX009874 JX009581 JX010409 
C. fructicola (syn. 
Glomerella cingulata 
var. minor) 
CBS 238.49 (*) JX010181 JX009923 JX009839 JX009495 JX010400 
C. gloeosporioides IMI 356878* JX010152 JX010056 JX009818 JX009531 JX010445 
C. grevilleae CBS 132879* KC297078 KC297010 KC296987 KC296941 KC297102 
C. grossum CGMCC 3.17614* KP890165 KP890159 KP890153 KP890141 KP890171 
C. hebeiense MFLUCC 13-0726* KF156863 KF377495 KF289008 - KF288975 
C. henanense CGMCC 3.17354* KJ955109 KJ954810 - KM023257 KJ955257 
C. horii NBRC 7478* GQ329690 GQ329681 JX009752 JX009438 JX010450 
C. jiangxiense CGMCC 3.17363* KJ955201 KJ954902 - KJ954471 KJ955348 
C. jiangxiense MAFF 238377 LC479330 LC479326 LC479329 LC479327 LC479328 
C. kahawae subsp. 
ciggaro 
ICMP 18539* JX010230 JX009966 JX009800 JX009523 JX010434 
C. kahawae subsp. 
kahawae 
IMI 319418* JX010231 JX010012 JX009813 JX009452 JX010444 
C. musae CBS 116870* JX010146 JX010050 JX009896 JX009433 HQ596280 
56 
 
*= ex-type authentic culture, (*) = ex-type or authentic culture of synonymized taxon 
1BRIP = Queensland Plant Pathology Herbarium (Australia); CBS: Culture collection of the Westerdijk Fungal Biodiversity 
Institute, Utrecht, The Netherlands; CGMCC: Chinese General Microbiological Culture Collection Center, Beijing, China; 
C. nupharicola CBS 470.96* JX010187 JX009972 JX009835 JX009437 JX010398 
C. proteae CBS 132882* KC297079 KC297009 KC296986 KC296940 KC297101 
C. psidii CBS 145.29* JX010219 JX009967 JX009901 JX009515 JX010443 
C. queenslandicum ICMP 1778* JX010276 JX009934 JX009899 JX009447 JX010414 
C. rhexiae CBS 133134* JX145128 - - - JX145179 
C. salsolae ICMP 19051* JX010242 JX009916 JX009863 JX009562 JX010403 
C. siamense ICMP 18578* JX010171 JX009924 JX009865 FJ907423 JX010404 
C. syzygicola MFLUCC 10-0624* KF242094 KF242156  KF157801 KF254880 
C. temperatum  CBS 133122* JX145159 - - - JX145211 
C. theobromicola CBS 124945 * JX010294 JX010006  JX009444 JX010447 
C. ti ICMP 4832* JX010269 JX009952 JX009898 JX009520 JX010442 
C. tropicale CBS 124949* JX010264 JX010007 JX009870 JX009489 JX010407 
C. viniferum GZAAS 5.08601* JN412804 JN412798 - JN412795 JN412813 
C. wuxiense CGMCC 3.17894* KU251591 KU252045 KU251939 KU251672 KU252200 
C. xanthorrhoeae BRIP 45094* JX010261 JX009927 JX009823 JX009478 JX010448 
Glomerella cingulata 
“f.sp. camelliae” 
ICMP 10646 JX010225 JX009993 JX009892 JX009563 JX010437 
C. gigasporum  CBS 133266* KF687715 KF687822 KF687761 –  KF687866 
57 
 
GZAAS: Guizhou Academy of Agriculture Science, Guizhou Province, China; ICMP: International Collection of 
Microorganisms from Plants, Auckland, New Zealand; IMI = CABI Genetic Resource Collection (UK); MAFF: Genebank 
Project, the Genetic Resources Center, NARO (National Agriculture and Food Research Organization), Tsukuba, Japan; 
MFLUCC = Mae Fah Luang University Culture Collection (Thailand); NBRC = Biological Resource Center, National Institute 
of Technology and Evaluation (Japan). 
2ITS: internal transcribed spacers and intervening 5.8S nrDNA; GAPDH: partial glycealdahyde-3-phosphate dehydrogenase 
gen; CHS-1: partial chitin synthase-1 gene; ACT: partial actin gene; TUB2: partial beta-tubulin gene. Sequences generated in 













Fig. 18 Maximum likelihood phylogenetic tree showing the relationship among nine 
Colletotrichum isolates on capsicum belong to first three groups and strains of 
Colletotrichum gloeosporioides species complex based on a five-gene combined datasets 
(ITS, GAPDH, CHS-1, ACT and TUB2). The RAxML bootstrap support values (ML>70%) 
and Bayesian posterior probabilities (PP>0.7) are displayed at the nodes (ML/PP). The tree 




Colletotrichum boninense species complex: The five-gene concatenated data set 
contained 2197 bp. The gene boundaries comprised of ITS: 1-566, GAPDH: 567-860, CHS-
1: 861-1156, ACT: 1157-1435 and TUB2: 1436-2197. The analysis involved 22 strains 
including the out-group, C. gigasporum (CBS 133266*) (Table. 5). Based on the 
phylogenetic tree, two Colletotrichum isolates collected from Tokyo and Saitama regions 
formed a sister group of the reference species C. karstii (CBS 132134*), and fall into the 
intraspecific variation for this species (Fig. 19). 
Colletotrichum truncatum species complex: The total length of the concatenated data 
set comprising five gene (ITS, GAPDH, CHS-1, ACT and TUB2) was 2119 bp. The combined 
alignment comprised ITS: 1-518, GAPDH: 519-834, CHS-1: 835-1132, ACT: 1133-1365 and 
TUB2: 1366-2119. The analysis comprised two Colletotrichum isolates from capsicum fruits 
(MAFF 242674 and MAFF 243068) and 23 reference strains including the out-group, C. 
gigasporum (CBS 133266*) (Table. 6). The phylogenetic analysis illustrated that two 
mentioned isolates clustered with the reference ex-type strain of C. truncatum (CBS 151.35*) 
(Fig. 20).   
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Table 5 DNA sequence data of species in the Colletotrichum boninense species complex 
Species Accession No1. GenBank No2. 
  ITS GAPDH CHS-1 ACT TUB2 
C. annellatum  CBS 129826* JQ005222 JQ005309 JQ005396 JQ005570  JQ005656 
C. beeveri  CBS 128527* JQ005171 JQ005258 JQ005345 JQ005519  JQ005605 
C. boninense  CBS 123755* JQ005153 JQ005240 JQ005327 JQ005501  JQ005588 
C. brasiliense  CBS 128501* JQ005235 JQ005322 JQ005409 JQ005583  JQ005669 
C. brassicicola  CBS 101059* JQ005172 JQ005259 JQ005346 JQ005520  JQ005606 
C. camelliae-
japonicae  
CGMCC3.18118* KX853165 KX893584 - KX893576  KX893580 
C. citricola  CBS 134228* KC293576 KC293736 KC293792 KC293616  KC293656 
C. colombiense  CBS 129818* JQ005174 JQ005261 JQ005348 JQ005522  JQ005608 
C. constrictum  CBS 128504* JQ005238 JQ005325 JQ005412 JQ005586  JQ005672 
C. cymbidiicola  IMI 347923* JQ005166 JQ005253 JQ005340 JQ005514  JQ005600 
C. hippeastri  CBS 125376* JQ005231 JQ005318 JQ005405 JQ005579  JQ005665 
C. karstii CBS 132134* HM585409 HM585391 HM582023 HM581995  HM585428 
C. karstii  CBS 128545 JQ005207 JQ005294 JQ005381 JQ005555 JQ005641 
C. karstii MAFF 246917 LC479335 LC479331 LC479334 LC479332 LC479333 
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C. karstii MAFF 246921 LC479340 LC479336 LC479339 LC479337 LC479338 
C. novae-
zelandiae  
CBS 128505* JQ005228 JQ005315 JQ005402 JQ005576  JQ005662 
C. oncidii  CBS 129828* JQ005169 JQ005256 JQ005343 JQ005517  JQ005603 
C. parsonsiae  CBS 128525* JQ005233 JQ005320 JQ005407 JQ005581  JQ00566 
C. petchii  CBS 378.94* JQ005223 JQ005310 JQ005397 JQ005571  JQ005657 
C. phyllanthi  CBS 175.67* JQ005221 JQ005308 JQ005395 JQ005569  JQ005655 
C. torulosum CBS 128544* JQ005164 JQ005251 JQ005512 JQ005512 JQ005512 
C. gigasporum  CBS 133266* KF687715 KF687822 KF687761 –  KF687866 
1CBS: Culture collection of the Westerdijk Fungal Biodiversity Institute, Utrecht, The Netherlands; CGMCC: Chinese General 
Microbiological Culture Collection Center, Beijing, China; IMI = CABI Genetic Resource Collection (UK); MAFF: Genebank 
Project, the Genetic Resources Center, NARO (National Agriculture and Food Research Organization), Tsukuba, Japan. 
2ITS: internal transcribed spacers and intervening 5.8S nrDNA; GAPDH: partial glyceraldehyde-3-phosphate dehydrogenase 
gene; CHS-1: partial chitin synthase-1 gene; ACT: partial actin gene; TUB2: partial beta-tubulin gene. Sequences generated in 







Fig. 19 Maximum likelihood phylogenetic tree showing the relationship among two 
Colletotrichum isolates on capsicum (MAFF 246917 and MAFF 244921) and strains of 
Colletotrichum boninense species complex based on a five-gene combined datasets (ITS, 
GAPDH, CHS-1, ACT and TUB2). The RAxML bootstrap support values (ML>70%) and 
Bayesian posterior probabilities (PP>0.7) are displayed at the nodes (ML/PP). The tree was 




Colletotrichum orchidearum species complex: The five-gene (ITS, GAPDH, CHS-1, 
ACT and TUB2) phylogenetic analysis of the C. orchidearum species complex included 
sequence of 11 isolates with C. gigasporum (CBS 133266*) as the out-group (Table. 7). The 
dataset comprised 2098 character including ITS: 1-500, GAPDH: 501-774, CHS-1: 775-1076, 
ACT: 1077-1347 and TUB2: 1348-2098). The phylogenetic analysis of C. orchidearum 
species complex showed that two Colletotrichum  isolates (MAFF 246916 and MAFF 
238378) clustered with the reference species C. sojae (ATCC 62257*) (Fig. 21). 
Colletotrichum acutatum species complex: The five-gene (ITS, GAPDH, CHS-1, 
ACT and TUB2) phylogenetic analysis of the C. acutatum species complex included 43 
isolates with C. gigasporum (CBS 133266*) as the out-group (Table. 8). The concatenated 
data set of the five gene was 1680 bp including ITS: 1-416, GAPDH: 417-630, CHS-1: 631-
840, ACT: 841-1058 and TUB2: 1059-1680. The phylogenetic analysis of the C. acutatum 
species complex indicated that Collectotrichum isolates on capsicum fruits were clearly 










ITS GAPDH CHS-1 ACT TUB2 
C. anthrisci  CBS 125334* GU227845 GU228237 GU228335 GU227943  GU228139 
C. chlorophyti  IMI 103806* GU227894 GU228286 GU228384 GU227992  GU228188 
C. circinans  CBS 221.81* GU227855 GU228247 GU228345 GU227953  GU228149 
C. curcumae  IMI 288937* GU227893 GU228285 GU228383 GU227991  GU228187 
C. dematium  CBS 125.25* GU227819 GU228211 GU228309 GU227917  GU228113 
C. fructi  CBS 346.37* GU227844 GU228236 GU228334 GU227942  GU228138 
C. lilii  CBS 109214 GU227810 GU228202 GU228300 GU227908  GU228104 
C. lineola  CBS 125337* GU227829 GU228221 GU228319 GU227927  GU228123 
C. liriopes  CBS 119444* GU227804 GU228196 GU228294 GU227902  GU228098 
C. phaseolorum 1 CBS 157. 36 GU227896 GU228288 GU228386 GU227994 GU228190 
C. phaseolorum 2 CBS 158. 36 GU227897 GU228289 GU228387 GU227995 GU228191 
C. rusci  CBS 119206* GU227818 GU228210 GU228308 GU227916  GU228112 
C. spaethianum  CBS 167.49* GU227807 GU228199 GU228297 GU227905  GU228101 
C. spinaciae  CBS 128.57 GU227847 GU228239 GU228337 GU227945  GU228141 
C. tofieldiae  CBS 495.85 GU227801 GU228193 GU228291 GU227899  GU228095 
C. trichellum  CBS 217.64 GU227812 GU228204 GU228302 GU227910  GU228106 
C. truncatum  CBS 151.35* GU227862 GU228254 GU228352 GU227960  GU228156 
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C. truncatum MAFF 243068 LC479345 LC479341 LC479344 LC479342 LC479343 
C. truncatum MAFF 242674 LC479350 LC479346 LC479349 LC479347 LC479348 
C. truncatum  CBS 120709 GU227877 GU228269 GU228367 GU227975 GU228171 
C. truncatum CBS 335. 75 GU227879 GU228271 GU228369 GU227977 GU228173 
C. truncatum CBS 371.67 GU227880 GU228272 GU228370 GU227978 GU228174 
C. truncatum CBS 125328 GU227885 GU228277 GU228375 GU227983 GU228179 
C. verruculosum  IMI 45525* GU227806 GU228198 GU228296 GU227904  GU228100 
C. gigasporum  CBS 133266* KF687715 KF687822 KF687761 –  KF687866 
1CBS: Culture collection of the Westerdijk Fungal Biodiversity Institute, Utrecht, The Netherlands; IMI = CABI Genetic 
Resource Collection (UK); MAFF: Genebank Project, the Genetic Resources Center, NARO (National Agriculture and Food 
Research Organization), Tsukuba, Japan. 
2ITS: internal transcribed spacers and intervening 5.8S nrDNA; GAPDH: partial glyceraldehyde-3-phosphate dehydrogenase 
gene; CHS-1: partial chitin synthase-1 gene; ACT: partial actin gene; TUB2: partial beta-tubulin gene. Sequences generated in 
this study are emphasised in bold face. 









Table 7 DNA sequence data of species in the Colletotrichum orchidearum species complex 
Species Accession No1. GenBank No2. 
  ITS GAPDH CHS-1 ACT TUB2 
C. cattleyicola CBS 170.49* MG600758 MG600819 MG600866 MG600963 MG601025 
C. cliviicola CBS 125375* MG600733 MG600795 MG600850 MG600939 MG601000 
C. musicola CBS 132885* MG600736 MG600798 MG600853 MG600942 MG601003 
C. orchidearum CBS 135131* MG600738 MG600800 MG600855 MG600944 MG601005 
C. piperis CPC 21195* MG600760 MG600820 MG600867 MG600964 MG601027 
C. plurivorum CBS 125474* MG600718 MG600781 MG600841 MG600925 MG600985 
C. sojae ATCC 62257* MG600749 MG600810 MG600860 MG600954 MG601016 
C. sojae MAFF 238378 LC479360 LC479356 LC479359 LC479357 LC479358 
C. sojae MAFF 246916 LC479355 LC479351 LC479354 LC479352 LC479353 
C. vittalense CBS 181.82* MG600734 MG600796 MG600851 MG600940 MG601001 
C. gigasporum  CBS 133266* KF687715 KF687822 KF687761 –  KF687866 
1ATCC: American Type Culture Collection, Virginia, USA; CBS: Culture collection of the Westerdijk Fungal Biodiversity 
Institute, Utrecht, The Netherlands; CPC: Culture collection of Pedro Crous, housed at CBS; MAFF: Genebank Project, the 
Genetic Resources Center, NARO (National Agriculture and Food Research Organization), Tsukuba, Japan.  
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2ITS: internal transcribed spacers and intervening 5.8S nrDNA; GAPDH: partial glyceraldehyde-3-phosphate dehydrogenase 
gene; CHS-1: partial chitin synthase-1 gene; ACT: partial actin gene; TUB2: partial beta-tubulin gene. Sequences generated in 



























ITS GAPDH CHS-1 ACT TUB2 
C. acerbum  CBS 128530* JQ948459 JQ948790 JQ949120 JQ949780  JQ950110 
C. acutatum  CBS 112996* JQ005776 JQ948677 JQ005797 JQ005839  JQ005860 
C. australe  CBS 116478* JQ948455 JQ948786 JQ949116 JQ949776  JQ950106 
C. brisbanense  CBS 292.67 JQ948291 JQ948621 JQ948952 JQ949612  JQ949942 
C. cairnsense  BRIP 63642* KU923672 KU923704 KU923710 KU923716  KU923688 
C. chrysanthemi  CBS 126518 JQ948271 JQ948601 JQ948932 JQ949592 JQ949922 
C. citri  CBS 134233* KC293581 KC293741  KC293621  KC293661 
C. cosmi  CBS 853.73* JQ948274 JQ948604 JQ948935 JQ949595  JQ949925 
C. costaricense  CBS 330.75* JQ948180 JQ948510 JQ948841 JQ949501  JQ949831 
C. cuscutae  IMI 304802* JQ948195 JQ948525 JQ948856 JQ949516  JQ949846 
C. fioriniae  CBS 128517* JQ948292 JQ948622 JQ948953 JQ949613  JQ949943 
C. godetiae  CBS 133.44* JQ948402 JQ948733 JQ949063 JQ949723  JQ950053 
C. guajavae  IMI 350839* JQ948270 JQ948600 JQ948931 JQ949591  JQ949921 
C. indonesiense  CBS 127551* JQ948288 JQ948618 JQ948949 JQ949609  JQ949939 
C. johnstonii  CBS 128532* JQ948444 JQ948775 JQ949105 JQ949765  JQ950095 
C. kinghornii  CBS 198.35* JQ948454 JQ948785 JQ949115 JQ949775  JQ950105 
C. laticiphilum  CBS 112989* JQ948289 JQ948619 JQ948950 JQ949610  JQ949940 
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C. limetticola  CBS 114.14* JQ948193 JQ948523 JQ948854 JQ949514  JQ949844 
C. lupini  CBS 109225* JQ948155 JQ948485 JQ948816 JQ949476  JQ949806 
C. melonis  CBS 159.84* JQ948194 JQ948524 JQ948855 JQ949515  JQ949845 
C. nymphaeae  CBS 515.78* JQ948197 JQ948527 JQ948858 JQ949518  JQ949848 
C. paranaense  CBS 134729* KC204992 KC205026 KC205043 KC205077  KC205060 
C. paxtonii  IMI 165753* JQ948285 JQ948615 JQ948946 JQ949606  JQ949936 
C. phormii  CBS 118194* JQ948446 JQ948777 JQ949107 JQ949767  JQ950097 
C. pyricola  CBS 128531* JQ948445 JQ948776 JQ949106 JQ949766  JQ950096 
C. rhombiforme  CBS 129953* JQ948457 JQ948788 JQ949118 JQ949778  JQ950108 
C. salicis  CBS 607.94* JQ948460 JQ948791 JQ949121 JQ949781  JQ950111 
C. scovillei  CBS 126529* JQ948267 JQ948597 JQ948928 JQ949588  JQ949918 
C. scovillei MAFF 242693 LC479364 LC479361 LC479363 LC479362 AB777442 
C. scovillei MAFF 242421 LC479368 LC479365 LC479367 LC479366 AB777432 
C. scovillei MAFF 244126 LC479373 LC479369 LC479372 LC479370 LC479371 
C. scovillei MAFF 243038 LC479377 LC479374 LC479376 LC479375 AB777445 
C. scovillei MAFF 244123 LC479382 LC479378 LC479381 LC479379 LC479380 
C. scovillei MAFF 242420 AB697047 LC479383 LC479385 LC479384 AB697048 
C. scovillei MAFF 243022 LC479389 LC479386 LC479388 LC479387 AB777444 
C. scovillei MAFF 242592 LC479393 LC479390 LC479392 LC479391 AB777440 
C. scovillei MAFF 242692 LC479397 LC479394 LC479396 LC479395 AB777441 
C. scovillei MAFF 243021 LC479401 LC479398   LC479400 LC479399 AB777443 
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C. simmondsii  CBS 122122* JQ948276 JQ948606 JQ948937 JQ949597  JQ949927 
C. sloanei  IMI 364297* JQ948287 JQ948617 JQ948948 JQ949608  JQ949938 
C. tamarilloi  CBS 129814* JQ948184 JQ948514 JQ948845 JQ949505              JQ949835 
C. gigasporum  CBS 133266* KF687715 KF687822 KF687761 –  KF687866 
1BRIP = Queensland Plant Pathology Herbarium (Australia); CBS: Culture collection of the Westerdijk Fungal Biodiversity 
Institute, Utrecht, The Netherlands; IMI: International Mycological Institute, Kew, UK; MAFF: Genebank Project, the Genetic 
Resources Center, NARO (National Agriculture and Food Research Organization), Tsukuba, Japan. 
2ITS: internal transcribed spacers and intervening 5.8S nrDNA; GAPDH: partial glyceraldehyde-3-phosphate dehydrogenase 
gene; CHS-1: partial chitin synthase-1 gene; ACT: partial actin gene; TUB2: partial beta-tubulin gene. Sequences generated in 
this study are emphasised in bold face. 













Fig. 20 Maximum likelihood phylogenetic tree showing the relationship between two 
Colletotrichum isolates belonged to group 5 (MAFF 243068 and MAFF 242674) on 
capsicum fruits and strains of Colletotrichum truncatum species complex based on a five-
gene combined datasets (ITS, GAPDH, CHS-1, ACT and TUB2). The RAxML bootstrap 
support values (ML>70%) and Bayesian posterior probabilities (PP>0.7) are displayed at the 











Fig. 21 Maximum likelihood phylogenetic tree showing the relationship between MAFF 
238377 and MAFF 246916 with strains of Colletotrichum orchidearum species complex 
based on a five-gene combined datasets (ITS, GAPDH, CHS-1, ACT and TUB2). The RAxML 
bootstrap support values (ML>70%) and Bayesian posterior probabilities (PP>0.7) are 









Fig. 22 Maximum likelihood phylogenetic tree showing the relationship between 
Colletotrichum isolates on capsicum belonged to group 7 and strains of Colletotrichum 
acutatum species complex based on a five-gene combined datasets (ITS, GAPDH, CHS-1, 
ACT and TUB2). The RAxML bootstrap support values (ML>70%) and Bayesian posterior 
probabilities (PP>0.7) are displayed at the nodes (ML/PP). The tree was rooted to C. 




Our pathogenicity test indicated that all representative isolates of C. aenigma (MAFF 
246913, MAFF 246919 and MAFF 246920), C. fructicola (MAFF 246923, MAFF 246922, 
MAFF 246918, MAFF 246914 and MAFF 246915), C. jiangxiense (MAFF 238377), C. 
karstii (MAFF 246917 and MAFF 246921), C. truncatum (MAFF 242674 and MAFF 
243068), C. sojae (MAFF 246916 and MAFF 238378), and C. scovillei (MAFF 242693, 
MAFF 242421, MAFF 244126, MAFF 243038, MAFF 244123, MAFF 242420, MAFF 
243022, MAFF 242592, MAFF 242692 and  MAFF 243021) produced symptoms on both 
sweet and hot capsicum fruits on wounded treatment (Figs. 23, 24), whereas only C. scovillei 
produced symptoms on unwounded treatment on both sweet and hot capsicum fruits (Figs. 
25, 26). The initial symptoms on the tested fruits were small, brown to dark, sunken on the 
inoculation point. The symptoms then developed in size and became dark sunken necrotic 
areas covered with conidial masses. Black acervuli or perithecia were often observed on the 
fruits surface. The inoculated fungi were re-isolated from these symptomatic fruits. The 
control fruits with wounded and unwounded treatments did not develop any symptoms of 
anthracnose disease. 
The average of disease severity from seven Colletotrichum species to inoculate 
wounded chili fruits was showed in table 9. Overall, the disease severity was not significant 
differences between hot and sweet capsicum fruits when using the same Colletotrichum 
species (Table 9). Among these species, however, C. scovillei was statistically demonstrated 
as the strongest pathogen to both hot and sweet capsicum (DS > 80%) (Fig. 27). The other 
five species including C. karstii, C. sojae, C. jiangxiense, C. truncatum, and C. aenigma 
showed moderate virulence on both hot and sweet capsicum fruits. Colletotrichum fructicola 
was weak pathogenic species (DS=29.63% on hot capsicum fruits and DS=33.33% on the 













Fig. 23 Pathogenicity test of seven Colletotrichum species on sweet capsicum fruits on 
wounded method, 7 days after inoculation: (a) Control, (b) C. aenigma, (c) C. fructicola, (d) 













Fig. 24 Pathogenicity test of seven Colletotrichum species on hot capsicum fruits on 
wounded method, 7 days after inoculation: (a) Control, (b) C. aenigma, (c) C. fructicola, (d) 











Fig. 25 Pathogenicity test of seven Colletotrichum species on sweet capsicum fruits on 
unwounded method, 7 days after inoculation: (a) Control, (b) C. aenigma, (c) C. fructicola, 











Fig. 26 Pathogenicity test of seven Colletotrichum species on hot capsicum fruits on 
unwounded method, 7 days after inoculation: (a) Control, (b) C. aenigma, (c) C. fructicola, 













Table 9 Average disease severity on Capsicum fruits inoculated with seven Colletotrichum 
species using wounded treatment 7 days after inoculation 
aMean ±standard deviation followed by the same letter are not significantly different 










Treatments On hot pepper On sweet pepper 
Control 0.00e 0.00e 
C. sojae 35.19cd      37.04cd      
C. karstii 42.59cd      37.04cd      
C. jiangxiense 55.56cd      55.54bcd      
C. fructicola 29.63d      33.33cd      
C. truncatum 59.25bc       33.33cd      
C. scovillei 81.48ab 96.29a         








Fig. 27 Average disease severity on Capsicum fruits inoculated with seven Colletotrichum 















Twenty five Colletotrichum isolates obtained from capsicum fruits were identified as 
C. sojae, C. karstii, C. jiangxiense, C. fructicola, C. truncatum, C. scovillei and C. aenigma, 
and they belonged to five species complexes (C. gloeosporioides, C. boninense, C. truncatum, 
C. orchidearum and C. acutatum). Notably, three of seven species were members within the 
C. gloeosporioides species complex. It can be considered that the C. gloeosporioides species 
complex is the dominant group of pathogens caused anthracnose on Capsicum in Japan.  
In Colletotrichum gloeosporioides species complex, nine Colletotrichum isolates 
were clustered in three different reference species: C. aenigma, C. fructicola and C. 
jiangxiense. C. aenigma  has been now found on Buckwheat, Japanese chestnut, mango, 
apple, dragon fruit, melon, grape, and miracle fruit (Truong et al. 2018; Gan et al. 2017; Diao 
et al. 2017; Meetum et al. 2015; Schena et al. 2014). On capsicum, C. aenigma was reported 
for the first time as a cause of anthracnose disease in China (Diao et al. 2017), and our study 
was the first report of C. aenigma causing capsicum fruit anthracnose in Japan.  
Colletotrichum jiangxiense originated from Camellia sinensis was confirmed as a 
pathogen on this host based on result from pathogenicity test (Liu et al. 2015). As the best of 
our knowledge, the species has not been found on any other host since 2015. Based on our 
pathogenicity test, it is the first report of C. jiangxiense causing capsicum anthracnose in the 
world. Whereas, C. fructicola was previously found on several plants such as apple, 
strawberry, and mango (Gan et al. 2017; Rockenbach et al. 2016; Joa et al. 2016). On 
capsicum, the result of C. fructicola from our study was similar to previous studies in which 
C. fructicola was recorded as causative agent of anthracnose disease (Diao et al. 2017; 
Sharma and Shenoy 2014; Phoulivong et al. 2012).  
Colletotrichum karstii has been reported on many host plants (Jayawardena et al. 
2016; Damm et al. 2012a). C. karstii was found in New Zealand, India, and China (Diao et 
al. 2017; Saini et al. 2016; Damm et al. 2012a).  Our study also confirmed that C. karstii was 
a pathogen on capsicum fruits in Japan.  
Colletotrichum truncatum associated with anthracnose on many host plants (Ramdial 
and Rampersad 2015; Damm et al. 2009). On capsicum, C. truncatum has been reported as 
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a serious plant pathogen which is cause of anthracnose in Australia, Thailand, India, Brazil, 
Pakistan, and China (Mongkolporn and Taylor 2018; Diao et al. 2017; Liu et al. 2016a; 
Sharma et al. 2014; Than et al. 2008a). Previously, two strains MAFF 242674 and MAFF 
243068 were determined as strains of C. truncatum, although they were different in conidial 
characters (Sato et al. 2015). The results of the phylogenetic analysis in our study and the 
previous study indicated that they were C. truncatum.  Based on the pathogenicity test, C. 
truncatum was pathogen on capsicum fruits in Japan. 
Colletotrichum sojae has been reported from Fabaceae (Glycine, Medicago, 
Phaseolus, Vigna), on Amaranthaceae (Amaranthus), Asteraceae (Arctium), Orchidaceae 
(Bletilla), and Solanaceae (Capsicum) (Damm et al. 2019). Previous study of capsicum 
anthracnose China, this pathogen was identified as C. liaoningense (type culture: CAUOS5) 
(Diao et al. 2017). Damm et al. (2019) re-identified the strain CAUOS5 and concluded it as 
C. sojae. The study is the first report of C. sojae associated with anthracnose on capsicum 
fruits in Japan.  
Colletotrichum scovillei was one of the dominant species causing chili anthracnose 
in the world (Mongkolporn and Taylor 2018; De Silva et al. 2016). In Japan, this species has 
been recorded as a pathogen associated with sweet pepper since 2014 (Kanto et al. 2014).  
Inoculation results indicated that all species were pathogens to capsicum fruits (hot 
and sweet capsicum). However, in terms of their virulence, there were a variation among 
different species. More importantly, only C. scovillei produced serious symptoms on  
inoculated intact fruits. It indicated that C. scovillei was a strongest pathogen to the host.  
Previous studies also indicated that C. scovillei was a strong pathogen to capsicum in 
Malaysia, Korea and Brazil (Noor and Zakaria 2018; Oo et al. 2017; Caires et al. 2014). Our 
study agreed with those previous studies.  
This is the first detailed study of species identification and pathogenicity of 
Colletotrichum spp. causing anthracnose on capsicum in Japan.  Colletotrichum jiangxiense 
on capsicum was recorded for the first time in the world, while C. aenigma, C. karstii, C. 
truncatum and C. sojae were found for the first time in Japan. We think the findings from 
our study are useful for control and management of capsicum anthracnose such as chemical 
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control practices or screening new capsicum varieties resistance to these pathogens cause of 





































Colletotrichum species related to coffee leaf anthracnose in Japan 
 
Abstract The study was carried out to identify the Colletotrichum species associated 
with leaf anthracnose on “Coffea arabica. L” cultivation in Japan. Nine Colletotrichum 
isolates obtained from diseased leaf were conducted. All isolates were identified based on 
morphologically characters and characterized by multi-locus sequence analyses of ITS, ACT, 
CAL, CHS-1 and TUB2. Morphological examination indicated that all isolates closed to C. 
gloeosporioides species complex. Molecular studies showed they were identified as 
Colletotrichum grossum, C. tropicale, C. siamense and C. aenigma. Based on our 
pathogenicity test, they were all pathogenic to coffee leaf. Colletotrichum grossum was 





















Coffee (Coffea spp.) is one of the well-known tropical plant because of its aroma and 
flavor, but caffeine contained in the fruits plays an important role in its popularity (Higdon 
and Frei 2006). Besides caffeine, there are more than thousands of different chemicals found 
in coffee such as carbohydrates, lipids, nitrogenous compounds, vitamins, minerals, alkaloids 
and phenolic compounds (Higdon and Frei 2006). Coffee is a major source of income in 
Brazil, Vietnam, Indonesia, Colombia and India (Cristóbal-Martínez et al. 2017). The genus 
Coffea contained about 60 species (Thurston 1998), and particularly C. arabica and C. 
robusta are important species because of their highest economic value (Prihastuti et al. 2009).  
Previously, several species of Colletotrichum have been found on coffee as saprobes, 
endophytes and pathogens (Cristóbal-Martínez et al. 2017; Prihastuti et al. 2009). 
Importantly, Colletotrichum kahawae has been reported as the main cause of coffee berry 
disease which showed a devastating damage and lead to limit the production of coffee 
(Cristóbal-Martínez et al. 2017; Nguyen et al. 2010; Prihastuti et al. 2009). The coffee berry 
disease has been reported as the major factor reducing Arabica coffee production in many 
countries especially belonged to Eastern Africa. Its yield losses reached up to 80% in Africa 
(Prihastuti et al. 2009). Besides fruits, Colletotrichum pathogens have been also reported on 
leaves and stems of coffee. Sixteen Colletotrichum species have been reported on coffee 
crops worldwide, according to Cristóbal-Martínez et al. (2017). 
In Japan, only Colletotrichum theobromicola Delacroix originally named as 
Colletotrichum coffeanum F. Noack was reported on coffee leaf 
(https://www.gene.affrc.go.jp/databases-micro_pl_diseases_detail_en.php). To our 
knowledge, no more study of Colletotrichum on coffee leaf has been conducted in Japan after 
that. Therefore, our study was carried out: (1) to identify Colletotrichum species associated 
with leaf anthracnose on Coffea spp. in Japan; and (2) to evaluate for their pathogenic ability 






Material and methods 
Fungal isolates 
Since 2014, coffee leaves with symptoms of disease were found around Tokyo (Fig. 
28). The symptoms occurred dark brown necrosis at the edge or near the edge of leaves. From 
the diseased leaves, small pieces of tissue (5 × 5 mm) were taken from the margin of infected 
areas, sterilized by dipping in 1% sodium hypochlorite for 1 minute, and then immersed in 
70% ethanol for 1 minute. Their pieces were dried on the sterilized tissue papers after rinsed 
three times by sterilized water. The dried samples were placed on water agar (WA; 20gr agar, 
1000ml distilled water; Crous et al. 2009) and incubated at room temperature. After 2 to 3 
days, the fungal hyphae developing from the edges of the samples were transferred 
aseptically to DifcoTM potato dextrose agar (PDA; 39gr potato starch, 3gr agar, 100ml 
distilled water; Detroit, MI, USA). 
From diseased leaves, six Colletotrichum isolates (HM14-174, HM14-176, HM14-
177, HM14-178, HM14-179 and HM14-180) were obtained. The study also conducted three 
isolates (MAFF 306161, MAFF 243189 and MAFF 305994) obtained from National Institute 
of Agrobiological Science, Japan (NIAS Genebank).  
 
Morphological study  
 Agar plugs (5mm diam.) from 7-day-old cultures were placed onto fresh PDA 
medium and incubated at 25℃. Colony and conidial characters were recorded at 7 days after 
incubation. To evaluating conidial characters, size and shape of 30 conidia harvested from 
each culture were recorded. Conidial shapes were observed under a stereo microscope 
(Olympus, Tokyo, Japan) and a compound microscope (Olympus, Tokyo, Japan). 
Photographs were taken with a digital camera (Olympus DP21, Tokyo, Japan). The size of 
30 randomly chosen conidia were measured by using ‘imageJ’ software (free download 
available at http://rsbweb.nih.gov/ij/).   
Colony characters were observed on PDA plates. The plates inoculated with 5mm-
diam mycelial plugs taken from 7-day-old culture. There were three replicate plates for each 
isolate. Besides colony and conidial characters, other morphological features such as 
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appressoria shape and size, absence or presence of setae were also observed. Appressoria 
were produced by using a slide culture technique. A 10 mm2 square block of Synthetic Low 
Nutrient Agar (SNA) was placed on a sterile slide glass that was kept in an empty petri dish, 
and the edge of the agar block was inoculated on one side with mycelia. The inoculated agar 
block was covered by a sterile coverslip (Lima et al. 2013). Seven days after incubation, 
shape and size of 30 appressoria from each isolate were measured. These selected appressoria 
were observed under a stereo microscope (Olympus, Tokyo, Japan) and a compound 
microscope (Olympus, Tokyo, Japan). Images were captured with a digital camera (Olympus 
DP21, Tokyo, Japan). The size was calculated by using ‘imageJ’ software (free download 




Fig. 28 Symptoms of disease on coffee leaves. (d, f, g: Pictures were taken by Prof. Toyozo 
Sato; a- c, e, f: Pictures were taken by Miss. Ayaka Minoshima). 
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DNA extraction, amplification and sequencing 
For DNA extraction, fungal mycelia  were grown on PDA for seven days at 25 ºC. 
The mycelia were then scraped from the surface of the PDA and extracted using UltraClean® 
Microbial DNA Isolation Kit (MOBIO, Laboratories, Inc., California, USA) according to the 
instruction of the manufacturer.  
Primers were based on previous published studies: ITS with primers ITS-1F/ITS-4 
(Gardes and Bruns 1993; White et al. 1990), ACT with primers ACT-512F/ACT-783 
(Carbone and Kohn 1999), CAL with primers CL1C/CL2C (Weir et al. 2012), CHS-1 with 
primer CHS-354R/CHS-79F (Carbone and Kohn 1999) and TUB2 with primers T1/Bt2b 
(O’Donnell and Cigelnik 1997; Glass and Donaldson 1995). Conditions for PCR of ITS were 
4 minutes at 95 ºC; then 35 cycles of 95 ºC  for 30 seconds, 52 ºC  for 30 seconds, 72 ºC for 
45 seconds and final extension at 72 ºC  for 7 minutes. The optimum annealing temperature 
was different for the other loci: CAL at 59 ºC; CHS-1 at 58 ºC; ACT at 58 ºC; and TUB2 at 
55 ºC (Weir et al. 2012). DNA concentrations were estimated visually in 3% agarose gel in 
1.0x Tris-acetate acid EDTA (TAE) buffer. Pictures were taken under UV light after staining 
the gel with ethidium bromide for 10 to 15 minutes. 
Then PCR products were purified using ExoSap-IT PCR Clean-up kit (GE Healthcare 
Life Science, Buckinghamshire, UK) following the manufacturer's instructions. The DNA 
sequences generated with forward and reverse primers were obtained from 3130xl Genetic 
Analyzers (Applied Biosystems, California, USA) with BigDye v.3.1 chemistry (Life 
Technologies, California, USA). 
 
Phylogenetic analyses 
The quality of the nucleotide sequences and the contig assembly were carried out 
using the GeneStudioTM Pro version 2.2.0.0 software package (GeneStudio Inc., Georgia, 
USA). The DNA sequences obtained were then aligned by using the FFT-NS-I strategy of 
MAFFT version 7 (Katoh and Standley 2013). Multiple sequence alignments of each gene 
used Mesquite version 3.2 (Maddison and Maddison 2017) and manually adjusted to allow 
maximum sequence similarity. Phylogenetic analysis was constructed from sequences of the 
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five loci combined by Bayesian inference (BI) and Maximum likelihood (ML). ML bootstrap 
values (≥ 70 %) and Bayesian PP values (≥ 0.7) were shown at the nodes of the phylogenetic 
trees. 
For Bayesian analyses, a Markov Chain Monte Carlo (MCMC) algorithm was used 
to generate a phylogenetic tree with Bayesian probabilities using MrBayes version 3.2.6 
(Ronquist and Huelsenbeck 2003). Models of nucleotide substitution for each gene 
determined by MrModeltest version 2.3 were included for each gene partition. The analysis 
of the two chains were run from random trees for 2.000.000 generations. Samples were taken 
from the 500.000 generations every 500 generations. Sequences of Colletotrichum species 
obtained from GeneBank were included in the analysis. 
In terms of Maximum likelihood analyses, the combined dataset of five mentioned 
loci using RAxML (version 7.0.3). Branch and branch node support was determined using 
100 bootstrap replicates (Stamatakis 2008). The phylogenetic analyses comprises our trains 
and selected type species of Colletotrichum from Genbank. 
 
Pathogenicity test 
Representative strains of Colletotrichum species obtained from coffee leaves were 
used as inoculums for pathogenicity test. The test was conducted on leaves of coffee 
presenting on coffee seedlings at 60cm tall, under greenhouse condition. 
Surface of healthy leaves were disinfected by using 70% ethanol and distilled water. 
The pathogenicity assay was performed using a modified protocol for the mycelial plug 
method (Sanders and Korsten 2003). The assay was conducted on wounded and non-
wounded leaves. Artificial wounds were made by pricking the leaves by sterilized needles. 
Mycelial plugs (5 mm) were obtained from seven-day-old cultures using a sterilized 
cork borer. The plugs were then transferred to the wounded and non-wounded areas on coffee 
leaves using a sterile inoculation needle. Each mycelial plug was covered by one 1 cm² wet 
cotton to maintain the moisture. For the control, the leaves were inoculated with pure PDA 
plugs. All inoculated plants were then covered by plastic bags for two days. After two days, 
plastic bags and cottons were removed. The lesion on inoculated leaves were observed, 
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photographed and described. Fungi from inoculated leaves were re-isolated, and the 































Morphological identification  
Based on morphological studies, those nine isolates were slightly different in 
morphological characters (Fig. 29). The morphological characters of each isolate were 
observed on PDA and briefly described as following: 
Isolate HM14-174: At first, colonies were white mycelia. After 3 to 4 days, colonies 
were light grey to dark grey at the center and white toward the edge. Aerial mycelia were 
abundant and white to grey. In reverse, there were pale yellow colonies. Conidiophores were 
hyaline, smooth-walled and septate. Conidiogenous cells were cylindrical, narrow at apex 
and 8.5-19.0 x 2.5-4.5µm in size. Conidia were one cell, straight, cylindrical, rounded ends, 
or one end acute and 12.0-16.5 x 4.5-6.0 µm in size. Setae were brown in the base and pale 
brown towards the apex, smooth-walled, rounded tip, 2-5 septate and 35-97.5 µm long. 
Teleomorph was not observed. Appressoria were variable in shape, single and 7.5-13.5 x 5.0-
7.0 µm in size. (Fig. 30).  
Isolate HM14-176: Colonies were white. Aerial mycelia were abundant. Conidial 
masses were orange and formed abundantly in concentric ring. Conidiophores were hyaline, 
septate and branched. Conidiogenous cells were cylindrical, narrow at the apex and 8.5-17.5 
x 2.0-5.0 µmin size. Conidia were hyaline, aseptate, cylindrical, round ends, sometime one 
end narrower than the other and 13.0-16.5 x 4.0-6.0 µm in size. Setae and teleomorph were 
not observed. Appresoria were irregular shape, usually in group of 2-4 and 7.5-15.0 x 5.0-




Fig. 29 Seven day-old colonies of Colletotrichum isolates from coffee leaves (above: surface; 
below: reverse): (a) HM14-174, (b) HM14-176, (c) HM14-177, (d) HM14-178, (e) HM14-









HM14-177: Colonies were white with abundant of aerial mycelia. Conidiomata and 
setae formed directly from the agar surface. Setae were abundant, 1-3 septate and dark brown; 
base was cylindrical, sometimes slightly inflated; tip was slightly acute or sometimes round 
and 52.5-105.0 µm. Conidiophores could not be observed. Conidia were cylindrical, aseptate, 
rounded ends and 14.0-18.5 x 5.0-6.8 µm in size. Teleomorph was not observed on PDA and 
host. Appressoria were single, medium to dark brown, irregular shape and 8.5-17.0 x 6.0-
13.0 µm in size (Fig. 32).  
HM14-178: Colonies were white to pale grey. In reverse, colonies were yellowish. 
Aerial mycelia were dense. Conidiophores were hyaline, aseptate and sometimes branched. 
Conidia presented in masses of orange were hyaline, aseptate, cylindrical, rounded ends and 
13.0-17.5 x 4.5-6.8 µm in size. Setae and teleomorph were not observed. Appressoria were 
single, dark brown, irregular in shape and 6.0-13.5 x 4.7-7.7 µm in size (Fig. 33). 
HM14-179: Colonies were white. Aerial mycelia were dense and white cottony. 
Conidiophores formed directly on hypha. Conidiogenous cells were hyaline, septate and 
branched. Conidia were cylindrical, hyaline, rounded ends; sometimes apex was narrower 
than the base and 13.0-17.5 x 5.0-7.2 µm in size. Setae were pale brown, colorless towards 
the tip, 1-4 septate and 48.0-136.5 µm long.  Teleomorph did not produce on PDA and host. 
Appressoria were single, pale brown to dark brown, irregular shape and 8.6-15.7 x 5.5-9.0 
µm in size (Fig. 34).   
HM14-180: Colonies were white. Aerial mycelia were dense and white cottony. 
Conidiophores were rare and formed directly from the hypha. Conidia were cylindrical, 
hyaline, rounded ends; sometimes one rounded and one slightly acute and 14.6-18.3 x 4.0-
5.5 µm in size. Setae were rare, dark brown, 1-3 septate, inflated base, slightly acute tip and 
49.4-95.0 µm long. Teleomorph was not observed. Appressoria were single, dark brown, 
smooth-walled, irregular roundish outline, variable in shape and 9.1-15.4 x 8.3-11.2 µm in 







Fig. 30 Cultural and morphological features of HM14-174. (a-g) Observation on PDA: (a) 
Colonies after seven days from above (surface) and below (reverse), (b) Acervuli, (c, d) 




Fig. 31 Cultural and morphological features of isolate HM14-176. (a-e) Observation on 
PDA: (a) Colonies after seven days from above (surface) and below (reverse), (b) 
Conidiophores, (c) Conidial masses, (d, e) Conidia. (f-i) Observation on SNA: (f, g) 






Fig. 32 Cultural and morphological features of isolate HM14-177. (a-f) Observation on 
PDA: (a) Colonies after seven days from above (surface) and below (reverse), (b) 
Conidiomata, (c, d) Conidia, (e, f) Setae. (g-j) Observation on SNA: (g, h) Appressoria, (i) 
Conidia, (j) Seta. 
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Fig. 33 Cultural and morphological features of isolate HM14-178. (a-f) Observation on 
PDA: (a) Colonies seven days from above (surface) and below (reverse), (b) Conidial masses, 




Fig. 34 Cultural and morphological features of isolate HM14-179. (a-g) Observation on 
PDA: (a) Colonies after seven days from above (surface) and below (reverse), (b) Conidial 
masses, (c, d) Conidiophores, (e) Conidia, (f, g) Setae. (h, i) Appressoria observed on SNA. 
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Fig. 35 Cultural and morphological characters of isolate HM14-180. (a-i) Observation on 
PDA: (a) Colonies after seven days from above (surface) and below (reverse), (b-d) Conidia, 
(e, f) Conidiophores, (g-i) Setae. (j-l) Appressoria observed on SNA. 
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MAFF 243189:  Colonies were grey in the center and white towards the edge. 
Conidiophores were hyaline, branched and septate. Conidiogenous cells were hyaline, 
cylindrical and 6.2-15.7 x 2.3-5.4 µm in size.  Conidia presented in yellow masses. Conidia 
were cylindrical, hyaline, aseptate and 10.6-16.0 x 5.0-7.2 µm in size. Setae, appressoria and 
teleomorph were absent (Fig. 36). 
MAFF 305994: Colonies were slightly gray, and white towards the edge. On the 
reverse, colonies were dark gray. Conidiophores were rare and formed directly from hypha. 
Conidia were cylindrical, hyaline, smooth-walled, aseptate, round base, acute apex and 12.0-
20.0 x 3.3-4.8 µm in size. Setae and teleomorph were not observed. Appressoria were 
irregular in shape, medium to dark brown and 7.4-13.1 x 5.6-9.0 µm in size (Fig. 37).  
MAFF 306161: Colonies were white cottony. Aerial mycelia were white and dense. 
On the reverse, colonies were yellowish in the center and white towards the edge. 
Conidiophores were rare and formed directly from the hypha. Conidia were hyaline, 
cylindrical, aseptate, rounded ends; sometimes one end was narrower than the other and 9.5-
15.0 x 3.8-6.1 µm in size. Setae and teleomorph were absent. Appressoria were single, 
medium brown, variable in shape and 7.7-15.4 x 6.0-8.5 µm in size (Fig. 38). 
In summary, morphological characters of all described isolates were not clearly 
similar to any specific species. However, conidia of all nine isolates were identical with the 
Colletotrichum gloeosporioides species complex by cylindrical, aseptate and approximate 
















Fig. 36 Cultural and morphological characters of MAFF 243189 observed on PDA: (a) 
Colonies after seven days from above (surface) and below (reverse), (b) Conidial masses, (c-







Fig. 37 Cultural and morphological characters of isolate MAFF 305994. (a-d) Observation 
on PDA: (a) Colonies after seven days from above (surface) and below (reverse), (b-c) 






Fig. 38 Cultural and morphological characters of isolate MAFF 306161. (a-e) Observation 
on PDA: (a) Colonies after seven days from above (surface) and below (reverse), (b-c) 





Blast search using ITS sequence data indicated that eleven Colletotrichum isolates 
from coffee leaves were belonged to C. gloeosporioides species complex (table 10). Thus, a 
phylogenetic analyses of C. gloeosporioides complex was conducted to determine species 
name.  
All isolates were subjected to multi-locus phylogenetic trees generated from the 
Bayesian and RAxML analyses using ITS, CHS-1, CAL, ACT and TUB2. The consensus 
phylogram of BI and ML concatenated trees were similar. Therefore, only ML trees were 
presented. 
The five-locus phylogenetic analysis of the Colletotrichum gloeosporioides species 
complex included sequences of 57 strains with C. gigasporum (CBS 133266*) as the out-
group (table 11). The combined alignment comprised 1964 characters. ML and BI analysis 
performed on the mentioned alignment with ITS: 1-503; CAL: 504-1230; CHS-1: 1231-1521; 
ACT: 1522-1802 and TUB2: 1803-2466.The phylogenetic analysis of the C. gloeosporioides 
species complex showed that Colletotrichum isolates from coffee leaf were clearly separated 
into four main groups representing different species (Fig. 39).  
The first main group (Group 1 = C. siamense clade) including two isolates HM14-
178 and MAFF 306161 divided into two subgroups with the reference sequence of C. 
siamense (CBS 125378 (*)), and fall within intraspecific variation in the species.  The second 
main group (Group 2 = C. tropicale clade) comprised two isolates HM14-176 and MAFF 
243189; and they formed with the reference sequence of C. tropicale.  In the clade, the three 
isolates were separated into two subgroups. The fist subgroup consisted isolate HM14-176. 
The second subgroup included MAFF 243189. The third main group (Group 3 = C. aenigma 
clade) included two isolates HM14-180 and HM14-177 closed to reference sequence of C. 
aenigma (ICMP 18608*). The last main group comprised three isolates HM14-174, HM14-
179 and MAFF 305994; and they were closed to the reference species of C. grossum 














Isolate Blast search result 
Fungal name Accession number Percent identity 
(%) 
HM14-174 C. grossum NR_152283  100.00 
HM14-176 C. queenslandicum NR_144796  99.82 
HM14-177 C. aenigma NR_120140  99.80 
HM14-178 C. queenslandicum NR_144796 99.66 
HM14-179 C. grossum NR_152283 99.83 
HM14-180 C. aenigma NR_120140 100.00 
MAFF 243189 C. ti NR_120143.1 99.49 
MAFF 306161 C. aenigma  NR_120140.1 100.00 
MAFF 305994 C. theobromicola JX010294 99.47 
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Table 11. DNA sequence data of species in the Colletotrichum gloeosporioides species complex 
Species Accession No1. GenBank No2. 
ITS CAL CHS-1 ACT TUB2 
C. aenigma ICMP 18608* JX010244 JX009683 JX009774 JX009443 JX010389 
C. aenigma HM14-177 ur** - ur ur ur 
C. aenigma HM14-180 ur - ur ur ur 
C. aeschynomenes ICMP 17673* JX010176 JX009721 JX009799 JX009483 JX010392 
C. alatae CBS 304.67* JX010190 JX009738 JX009837 JX009471 JX010383 
C. alienum ICMP 12071* JX010251 JX009654 JX009882 JX009572 JX010411 
C. aotearoa ICMP 18537* JX010205 JX009611 JX009853 JX009564 JX010420 
C. asianum ICMP 18580* FJ972612 FJ917506 JX009867 JX009584 JX010406 
C. changpingense MFLUCC 15-0022 KP683152 - KP852449 KP683093 KP852490 
C. clidemiae ICMP 18658* JX010265 JX009645 JX009877 JX009537 JX010438 
C. conoides CGMCC 3.17615* KP890168 KP890150 KP890156 KP890144 KP890174 
C. cordylinicola MFLUCC 090551* JX010226 HM470238 JX009864 HM470235 JX010440 
C. endophytica MFLUCC13-0418* KC633854 KC810018 - KF306258 - 
C. fructivorum  CBS 133125* JX145145 - - - JX145196 
C. fructicola ICMP 18581* JX010165 FJ917508 JX009866 FJ907426 JX010405 
C. fructicola (syn. C. 
ignotum) 
CBS 125397(*) JX010173 JX009674 JX009874 JX009581 JX010409 
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C. fructicola (syn. 
Glomerella cingulata 
var. minor) 
CBS 238.49 (*) JX010181 JX009971 JX009839 JX009495 JX010400 
C. gloeosporioides IMI 356878* JX010152 JX009731 JX009818 JX009531 JX010445 
Glomerella cingulata 
“f.sp.camelliae” 
ICMP 10646 JX010225 JX009629 JX009892 JX009563 JX010437 
C. grevilleae CBS 132879* KC297078 KC296963 KC296987 KC296941 KC297102 
C. grossum CGMCC 3.17614* KP890165 KP890147 KP890153 KP890141 KP890171 
C. grossum HM14-179 ur ur ur ur ur 
C. grossum HM14-174 ur ur ur ur ur 
C. grossum MAFF 305994 ur ur ur ur ur 
C. hebeiense MFLUCC 13-0726* KF156863 - KF289008 - KF288975 
C. henanense CGMCC 3.17354* KJ955109 KJ954662 - KM023257 KJ955257 
C. horii NBRC 7478* GQ329690 JX009604 JX009752 JX009438 JX010450 
C. jiangxiense CGMCC 3.17363* KJ955201 KJ954752 - KJ954471 KJ955348 
C. kahawae subsp. 
ciggaro 
ICMP 18539* JX010230 JX009635 JX009800 JX009523 JX010434 
C. kahawae subsp. 
kahawae 
IMI 319418* JX010231 JX009642 JX009813 JX009452 JX010444 
C. kahawae subsp. 
ciggaro   (syn. 










CBS 124.22 (*) JX010228 JX009744 JX009902 JX009536 JX010433 
C. musae CBS 116870* JX010146 JX009742 JX009896 JX009433 HQ596280 
C. nupharicola CBS 470.96* JX010187 JX009663 JX009835 JX009437 JX010398 
C. proteae CBS 132882* KC297079 KC296960 KC296986 KC296940 KC297101 
C. psidii CBS 145.29* JX010219 JX009743 JX009901 JX009515 JX010443 
C. queenslandicum ICMP 1778* JX010276 JX009691 JX009899 JX009447 JX010414 
C. rhexiae CBS 133134* JX145128 - - - JX145179 
C. salsolae ICMP 19051* JX010242 JX009696 JX009863 JX009562 JX010403 
C. siamense ICMP 18578* JX010171 FJ917505 JX009865 FJ907423 JX010404 
C. siamense MAFF 306161 ur ur ur ur ur 
C. siamense HM14-178 ur ur ur ur ur 
C. siamense (syn. C. 
hymenocallidis) 
CBS 125378(*) JX010278 JX009709 GQ856730 GQ856775 JX010410 
C. siamense (syn. C. 
jasmini-sambac) 
CBS 130420 HM131511 JX009713 JX009895 HM131507 JX010415 
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1BRIP = Queensland Plant Pathology Herbarium (Australia); CBS: Culture collection of the Westerdijk Fungal Biodiversity 
Institute, Utrecht, The Netherlands; CGMCC: Chinese General Microbiological Culture Collection Center, Beijing, China; 
GZAAS: Guizhou Academy of Agriculture Science, Guizhou Province, China; ICMP: International Collection of 
Microorganisms from Plants, Auckland, New Zealand; IMI = CABI Genetic Resource Collection (UK); MAFF: Genebank 
C. syzygicola MFLUCC 10-0624* KF242094 KF254859  KF157801 KF254880 
C. temperatum  CBS 133122* JX145159 - - - JX145211 
C. theobromicola CBS 124945 * JX010294 JX009591  JX009444 JX010447 
C. theobromicola 
(syn. C. fragariae) 





MUCL 42294 (*) JX010289 JX009597 JX009821 JX009575 JX010380 
C. ti ICMP 4832* JX010269 JX009649 JX009898 JX009520 JX010442 
C. tropicale CBS 124949* JX010264 JX009719 JX009870 JX009489 JX010407 
C. tropicale HM14-176 ur ur ur ur ur 
C. tropicale MAFF 243189 ur ur ur ur ur 
C. viniferum GZAAS 5.08601* JN412804 JQ309639 - JN412795 JN412813 
C. wuxiense CGMCC 3.17894* KU251591 KU251833 KU251939 KU251672 KU252200 
C. xanthorrhoeae BRIP 45094* JX010261 JX009653 JX009823 JX009478 JX010448 
C. gigasporum  CBS 133266* KF687715 KF687822 KF687761 –  KF687866 
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Project, the Genetic Resources Center, NARO (National Agriculture and Food Research Organization), Tsukuba, Japan; 
MFLUCC = Mae Fah Luang University Culture Collection (Thailand); NBRC = Biological Resource Center, National Institute 
of Technology and Evaluation (Japan). 
2ITS: internal transcribed spacers and intervening 5.8S nrDNA; CAL: partial calmodulin gene; CHS-1: partial chitin synthase-
1 gene; ACT: partial actin gene; TUB2: partial beta-tubulin gene. Sequences generated in this study are emphasized in bold. 







Fig. 39 Maximum likelihood phylogenetic tree showing the relationship of eleven 
Colletotrichum isolates from coffee leaf and strains of C. gloeosporioides species complex 
based on a five-gene combined datasets (ITS, CHS-1, CAL, ACT and TUB2). The RAxML 
bootstrap support values (ML>70%) and Bayesian posterior probabilities (PP>0.7) are 
displayed at the nodes (ML/PP). The tree was rooted to C. gigasporum (CBS 133266*). *=ex-




The result of pathogenicity test on wounded leaves was showed in figures 40. On 
wounded leaves, all four representative strains gave the symptoms of the anthracnose disease 
on inoculated leaves. Those symptoms exhibited on inoculated leaves at seven days after 
inoculation. The symptoms were becoming pale brown to dark brown, but did not expanded 
after one month. The inoculated fungi were re-isolated from the symptoms. There were no 
symptoms on non-wounded and control leaves. It can be considered that all five species were 






























Fig. 40a Pathogenicity test with four Colletotrichum species on coffee leaves. (a-e) Seven 












Our fungal identification and the inoculation test indicated that all four isolated 
species (Colletotrichum tropicale, C. siamense, C. aenigma and C. grossum) belonging to C. 
gloeosporioides species complex were pathogenic to coffee leaf in Japan. The results also 
showed that C. kahawae causing of the serious anthracnose on coffee berry in the world was 
not found in this study. 
Colletotrichum siamense has been reported as a pathogen to coffee berry in several 
countries (Weir et al. 2012; Nguyen et al. 2010; Prihastuti et al. 2009). However, there is 
only one report indicated that the species as a pathogen on coffee leaves (Cristóbal-Martínez 
et al. 2017). Our study thus presents the second report of C. siamense on the leaf of coffee in 
the world. Interestingly, in the first report C. siamense was isolated from Cercospora 
symptoms, and the both were determined as pathogens to coffee leaves through pathogenicity 
tests (Cristóbal-Martínez et al. 2017). In addition, Nelson (2008) found Colletotrichum 
gloeosporioides species complex identified without multiple phylogenetic analyses on coffee 
leaves in Hawaii. It was also associated with the Cerospora symptom. In our study, the 
typical symptom caused by the genus Cercospora was not found, although Cercospora was 
already reported as cause of leaf spots disease on coffee leaves in Japan from several years 
ago (https://www.gene.affrc.go.jp/databases-micro_search_en.php?pldis=1271). Therefore, 
it is necessary to conduct further study about the interaction between Cercospora and 
Colletotrichum species on coffee leaves in Japan because both Cercospora and anthracnose 
symptoms might cause serious damage (Cristóbal-Martínez et al. 2017).  
Colletotrichum tropicale was previously reported on Litchi chinensis (Weir et al. 
2012) in Japan. Nguyen et al. (2010) reported that Colletotrichum species isolated from one 
part were also the pathogen to other part of the host (Nguyen et al. 2010). Therefore, the 
interaction of anthracnose caused by C. tropicale on leaf and other parts of the coffee tree in 
Japan should be considered to make sure that the host can be well protected and prevented 
damage from the species.   
Colletotrichum grossum was first reported as cause of anthracnose on capsicum fruit 
(Capsicum annuum var. grossum) in China (Diao et al. 2017). The result of our study was 
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the first evidence of C. grossum found on coffee as a pathogen. Colletotrichum aenigma is 
also reported as the first time on coffee, although the species has already been well reported 
on as an anthracnose pathogen on several plants including tropical and temperate plants in 
Japan (http://www.gene.affrc.go.jp/databases-micro_pl_diseases_en.php). It can be 
considered that C. aenigma is the important pathogen in the country. 
As much as we know, anthracnose on coffee berry was often studied while 
anthracnose on coffee leaf was not commonly conducted. Our study is the second report of 
coffee leaf anthracnose caused by multi Colletotrichum species in the world. We believe that 
the coffee leaf anthracnose is also an important disease because of some reasons. First, health 
of coffee plant strongly related to leaf and berry photosynthesis (DaMatta and Ramalho 2007). 
Therefore, foliar damage by Colletotrichum species may be affect coffee health. Second, 
infected leaves with anthracnose symptoms could be a source of inoculation for the berry. 
The study of anthracnose disease of coffee in Vietnam indicated that a Colletotrichum species 
isolated on coffee leaf was also a pathogen to green berry (Nguyen et al. 2010). Therefore, 
to understand about the important of these pathogens found on coffee leaf in Japan, more 
research regarding to the disease incidence and disease severity of these four species on the 


















Diversity of Colletotrichum species 
















Diversity of Colletotrichum species  
on passion fruit tree in Japan 
 
Abtract This study was carried out to explore the occurrence, diveristy and 
pathogenicity of Colletotrichum species associated with anthranose symptoms on passion 
fruit tree in Japan. Surveys were conducted on the plants cultivated in several areas of Japan, 
during 2017 to 2019. A total of twenty Colletotrichum isolates were obtained from 
symptomatic leaves, stems, floweres and tendrils of passion fruit tree. The morphological 
characters and multi-locus phylogenetic analysis using ACT, CAL, CHS-1, TUB2 and ITS 
were conducted to determine those isolates. Twenty isolates were identified as C. fructicola, 
C. siamense, C. aenigma, C. tropicale, C. karstii and an unknown Colletotrichum species 
belonging to the C. boninense species complex. The pathogenicity test indicated that all six 
species were pathogens to passion fruit tree. This is the first report to indicate the diversity 
of phytopathogenic Colletotrichum species affecting passion fruit tree in Japan. The 

















Passion fruit tree belonged to the genus Passiflora L. (family Passifloraceae) and is 
the large genus including more than 450 comprised species (Fischer and Rezende 2008). 
Most of species were planted as ornamental plants, while some species were cultivated for 
different purposes, including edible fruit or for medical purpose (Aguiar-Menezes et al. 2002). 
The majority species of Passiflora were cultivated in tropical and subtropical regions of 
South America, and it is believed that Brazil is the centre of Passifloraceae  (Aguiar-Menezes 
et al. 2002). Among of 50 to 60 species planting for edible fruit, Passiflora edulis, one of the 
economic species, were used for juice, ingredients of beverages, salads, cocktails and desserts 
menu. Four countries in South America (Brazil, Colombia, Peru and Ecuador) were major 
producers of the passion fruit tree. In Japan, passion fruit tree was first introduced in 1920’s 
at Ibusuki, Kagoshima prefectures, and became commercial cultivation crop in 1940’s ( Iwai 
et al. 1996).  
 Colletotrichum can attack all aerial organs of passion fruit trees  including fruit, leave 
and branch (Júnior et al. 2010; Tarnowski and Ploetz. 2010; Wolcan and Larran 2000). From 
2017 to 2019, symptomatic of the anthracnose disease on leaves, tendrils, flowers and stems 
of passion were observed in this study (Fig. 41). The typical symptoms on the trees were 
usually covered by a lot of acervuli with dark setae and conidial masses (Figs. 42-45).  
In Japan, there are little-known regarding Colletotrichum species related to the 
anthracnose disease on passion fruit tree, and it is also unclear whether which Colletotrichum 
species can be a pathogen to passion fruit tree. This study was conducted to characterize 
species of Colletotrichum associated with passion fruit trees based on morphology, DNA 
sequence data and pathogenicity test.   
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Fig 41. Symptoms of anthracnose diseases caused by Colletotrichum on passion fruit tree. 


















Fig. 44 Colletotrichum on flowers of passion fruit tree: (a, b) Symptoms on flowers, (c-f) 








Material and methods 
 
Sampling and isolation 
Infected leaves, stems, tendrils and flowers with typical symptoms of anthracnose 
disease were collected from several areas in Japan, from 2017 to 2019. Conidial masses and 
acervuli from the lesions were collected and suspended in sterile water. The prepared conidial 
suspension was then spread over the surface of water agar (WA). After 24 hours, a single 
germinating spore was transferred onto DifcoTM potato dextrose agar (PDA; Detroit, MI, 
USA). Twenty Colletotrichum isolates in total were obtained. Pure cultures were stored in 
PDA slants at 10 ºC  in the laboratory. 
 
Morphological study 
Colletotrichum isolates growing on PDA were used for morphological examination. 
Morphological and cultural traits such as shape and size of conidia and appressoria, and 
presence or absence of setae were observed on PDA plate growing at 25 ºC after one week. 
Shape and size of 30 conidia from each isolation were evaluated. Images under a stereo 
microscope (Olympus, Tokyo, Japan) and a compound microscope (Olympus, Tokyo, Japan) 
were captured with a digital camera (Olympus DP21, Tokyo, Japan). Conidial size was 
calculated by using ‘imageJ’ software (free download available at http://rsbweb.nih.gov/ij/). 
The observation of ascospores were followed the same methods of conidial observation.  
Appressoria were produced by using the slide culture technique. A 10 mm2 square block of 
Synthetic Low-nutrient Agar (SNA) was placed on a sterile slide glass that was kept in an 
empty petri dish, and the edge of the agar blocks was inoculated on one side with mycelium. 
The inoculated agar block was covered by a sterile coverslip (Lima et al. 2013). Five to seven 
days after inoculation, shape and size of 30 appressoria from each isolate were measured.  
 
DNA extraction, amplification and sequencing 
For DNA extraction, fungal mycelium was grown on PDA for seven days at 25 ºC. 
The mycelium was then scraped from the surface of the PDA and extracted using 
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UltraClean® Microbial DNA Isolation Kit (MOBIO, Laboratories, Inc., California, USA) 
according to the instruction of the manufacturer.  
Primers were based on previous published studies: ITS with primers ITS-1F/ITS-4 
(Gardes and Bruns 1993; White et al. 1990), ACT with primers ACT-512F/ACT-783 
(Carbone and Kohn 1999), CAL with primer CL1C/CL2C (Weir et al. 2012), CHS-1 with 
primer CHS-354R/CHS-79F (Carbone and Kohn 1999) and TUB2 with primer T1/Bt2b 
(O’Donnell and Cigelnik 1997; Glass and Donaldson 1995). Conditions for PCR of ITS were 
4 minutes at 95 ºC; then 35 cycles of 95 ºC for 30 seconds, 52 ºC for 30 seconds, 72 ºC for 
45 seconds and final extension at 72 ºC for 7 minutes. The optimum annealing temperature 
was different for other loci: CAL at 59 ºC; CHS-1 at 58 ºC; ACT at 58 ºC and TUB2 at 55 ºC 
(Weir et al. 2012). DNA concentrations were estimated visually in 3% agarose gel in 1.0x 
Tris-acetate acid EDTA (TAE) buffer. Then pictures were taken under UV light after staining 
the gel with ethidium bromide for 10 to 15 minutes. 
PCR products were purified using ExoSap-IT PCR Clean-up kit (GE Healthcare Life 
Science, Buckinghamshire, UK) following the manufacturer's instructions. The DNA 
sequences generated with forward and reverse primers were obtained from 3130xl Genetic 
Analyzers (Applied Biosystems, California, USA) with BigDye v.3.1 chemistry (Life 
Technologies, California, USA). 
 
Phylogenetic analyses 
The quality of the nucleotide sequences and the contig assembly were carried out 
using the GeneStudioTM Pro version 2.2.0.0 software package (GeneStudio Inc., Georgia, 
USA). The DNA sequences obtained were then aligned by using the FFT-NS-I strategy of 
MAFFT version 7 (Katoh and Standley 2013). Multiple sequence alignments of each gene 
used Mesquite version 3.2 (Maddison and Maddison 2017) and manually adjusted to allow 
maximum sequence similarity. Phylogenetic analysis was constructed from sequences of the 
five loci combined by Bayesian inference (BI) and Maximum likelihood (ML). ML bootstrap 




For Bayesian analyses, a Markov Chain Monte Carlo (MCMC) algorithm was used 
to generate a phylogenetic tree with Bayesian probabilities using MrBayes version 3.2.6 
(Ronquist and Huelsenbeck 2003). Models of nucleotide substitution for each gene 
determined by MrModeltest version 2.3 were included for each gene partition. The analysis 
of the two chains were run from random trees for 2.000.000 generations. Samples were taken 
from the 500.000 generations every 500 generations. Sequences of Colletotrichum species 
obtained from GeneBank were included in the analysis. 
In terms of Maximum likelihood analyses, the combined dataset of five mentioned 
loci using RAxML (version 7.0.3). Branch and branch node support was determined using 
100 bootstrap replicates (Stamatakis 2008). The phylogenetic analyses comprises our trains 
and selected type species of Colletotrichum from Genbank. 
 
Pathogenicity test 
Representative isolates of Colletotrichum obtained from passion tree were selected 
for pathogenicity test. The test was conducted on seedlings of passion fruit tree about 1m tall 
under greenhouse condition and watered regularly. 
Healthy leaves, stems, and tendrils were surface disinfected by using 70% ethanol 
and distilled water. The test was performed using a modified protocol for the mycelia plug 
method (Sanders and Korsten 2003), and was conducted on wounded parts of the plants. The 
artificial wounds were made by pricking the surface of organs by sterilized needles. 
Mycelial plugs (5 mm) were obtained from seven-day-old cultures using a sterilized 
cork borer. The plugs then transferred to the wounded and non-wounded parts of the plants 
using sterile needle. Each mycelial plug was covered by one cm² wet cotton to maintain the 
moisture. For the control, the organs were inoculated with pure PDA plugs. All inoculated 
organs were then covered by plastic bags. After two days, plastic bags and cottons were 
removed. The infected lesions were observed, photographed and described. Fungi from 
inoculated parts were re-isolated and the morphological characters of these fungi were 






Symptoms and fungal isolations  
On stems of passion fruit tree, Colletotrichum cultures were isolated from dieback 
symptoms which were usually appeared from cut stems (Fig. 41). From the stems, several 
Colletotrichum isolates were obtained from the acervuli and conidial masses (Fig. 42). On 
leaves, the symptoms were blight spots with colorless centers and black dots on the surface. 
The spots were surrounded by slightly brown margin (Fig. 41). Around the black dots, fungal 
spores were directly isolated (Fig. 43). Infected flowers started with slightly brown and 
became dark brown and finally turned to black before resulted in without producing fruits 
(Fig. 41). From the flowers, Colletotrichum isolates were obtained from conidial masses (Fig. 
44). Symptoms on tendrils were occurred from the tip and developed toward the base (Fig. 
41). The lesions were formed with acervuli and white or orange conidial masses (Fig. 45). 
Single-pore of Colletotrichum was obtained and the fungi were isolated from acervuli and 














































Isolates Source of isolate Date 
HM18-190 Leaf  August 2018 
HM18-128 Stem March 2017 
HM18-191 Stem August 2018 
HM18-192 Stem August 2018 
HM18-193 Stem August 2018 
HM18-194 Stem August 2018 
HM18-195 Stem August 2018 
HM18-196 Stem August 2018 
HM19-093 Tendril April 2019 
HM19-094 Flower  May 2019 
HM19-095 Tendril May 2019 
HM19-098 Tendril May 2019 
HM19-102 Stem May 2019 
HM19-100 Stem May 2019 
HM19-101 Stem May 2019 
HM19-099 Tendril May 2019 
HM19-096 Stem May 2019 
HM19-097 Stem May 2019 
HM17-356 Leaf  2017 




All twenty Colletotrichum isolates were studied for cultural and morphological 
characteristics. Based on distinctness of morphological and colony characteristics among the 
isolates, they were classified into eight morphological groups (Fig. 46).   
Group 1 included one isolate (HM18-128) (Fig. 47). On PDA, colonies were flat, 
white aerial mycelia. Conidia were presented in yellow masses. Conidiophores were 
branched, hyaline, septate and formed from the agar surface. Conidiogenous cells were 
hyaline and smooth-walled. Conidia were one-celled, cylindrical, rounded ends, sometimes 
one rounded one slightly acute and 13.7-17.9 × 5.7-7.0 µm in size. Its L/W ratio is about 2.5. 
Teleomorph stage was commonly presented on PDA. Asci comprised 8-spored, narrowly 
clavate and fasciculate. Ascospores were hyaline, and slightly curved, apices rounded, 
sometimes tapered towards base and 16.7-21.0 x 5.4-7.2 µm in size. Appressoria were single 
or in small group of 2, pale to medium brown, irregular shape and 5.8-12.9 x 4.0-7.0 µm in 
size.  
Group 2 comprised three isolates (HM18-191, HM18-193 and HM18-194) (Fig. 48).  
Colonies on PDA after one week were pale grey to grey near the center and white towards 
the edge. Conidiophores were hyaline, smooth-walled and aseptate. Conidia were hyaline, 
smooth-walled, aseptate, straight, round ends, sometimes one rounded one acute and 13.1-
20.5 x 5.7-8.0 µm, L/W about 2.5. Sexual stage were formed on PDA at 25 ºC after two 
weeks. Asci comprised 8 ascospores, clavate and fasciculate. Ascospores were slightly 
curved, rounded ends, sometimes one rounded one acute and 14.2-22.1 x 4.9-7.8 µm in size. 




Fig 46. Group of morphological characteristics of 20 isolates studied on passion fruit tree: 
(a) Upper colonies surface on PDA, (b) Lower colonies surface on PDA, (c) Conidia, (d) 
Appressoria, (e) Setae. Scale bars =20 μm c-e. 
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Fig. 47 Description of Colletotrichum isolate belonged to group 1 (HM18-128). (a-c) 
Observation on infected tissues: (a) Conidiophores, (b) Cross-section of an acervulus, (c) 
Conidia. (d-k) Observation on PDA: (d) Colonies after seven days (above: surface; below: 
reverse), (e) Conidial masses, (f) Conidiophores, (g) Conidia, (h) Asci, (i-k) Ascosspores. (l) 
Appressoria on SNA. 
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Fig. 48 Description of Colletotrichum isolates belonged to group 2 (HM18-191, HM18-193 
and HM18-194). (a-h) Observation on PDA: (a) Colonies after seven days (above: surface; 
below: reverse), (b) Conidial masses, (c, d) Conidiophores, (e) Conidia, (f) Asci, (g, h) 
Ascospores. (i-k) Appressoria on SNA. 
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Group 3 included two isolates (HM19-094 and HM19-095) (Fig. 49).  On PDA, seven 
day-old colonies were pale grey at the center and white towards the edge. There were 
numerous conidiomata formed on the agar surface. In the reverse, colonies were white 
towards the margin, and there were a lot of dark flecks corresponding to the conidiomata. 
Conidiophores and setae formed from a cushion of conidiomata acervuli. Setae were rare, 
medium dark, 2-3 septate, 63.5-100.3 µm long, cylindrical to inflated base and acute tip. 
Conidiophores were hyaline, smooth-walled, aseptate and branched. Conidia were hyaline, 
smooth-walled, aseptate, rounded ends, sometimes one rounded one slightly acute and 13.8-
17.3 x 5.5-7.7µm, L/W ratio about 2.4. Teleomorph were observed with 8-spored asci. 
Ascospores were aseptate, hyaline, smooth-walled, slightly curved and 15.4-20.4 x 5.5-7.8 
µm in size. Appressoria were variable shape, in group of 2-5, dark color and 8.7-13.4 x 5.1-
8.5 µm in size.  
The group 4 consisted of three isolates (HM19-100, HM19-101 and HM19-096) (Fig. 
50). On PDA, colonies were white aerial mycelium, with numerous of conidial masses at the 
center. On the reverse, colonies were white towards the margin, and there were a lot of orange 
flecks corresponding to the conidial masses. Conidia were cylindrical, rounded ends, smooth-
walled, aseptate and 13.7-16.7 × 5.6-8.0 µm, L/W ratio about 2.3. Teleomorph stage was 
observed. Asci contained 8 ascospores, clavate and fasciculate. Ascospores were slightly 
curved, hyaline, rounded ends, sometimes one rounded one slightly acute and 14.9-18.9 x 
5.8-8.4 µm in size. Appressoria were single, or in small group of 2, medium dark, irregular 




Fig. 49 Description of Colletotrichum isolates belonged to group 3 (HM19-094 and HM19-
095). (a-j) Observation on PDA: (a) Colonies after seven days (above: surface; below: 
reverse), (b) Conidial masses, (c, d) Conidiophores, (e, f) Seta, (g, h) Conidia, (i) Asci, (j) 
Ascospores. (k, l) Appressoria on SNA. 
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Fig. 50 Description of Colletotrichum isolates belonged to group 4 (HM19-100, HM19-101 
and HM19-096). (a-h) Observation on PDA: (a) Colonies after seven days (above: surface; 
below: reverse), (b) Conidial masses, (c, d) Conidiophores, (e, f) Conidia, (g) Asci, (h) 
Ascospores. (i-k) Appressoria on SNA.  
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Group 5 included four isolates (HM19-098, HM19-093, HM19-192 and HM18-196) 
producing straight conidia (Fig. 51). On PDA, colonies were dark grey. Conidia masses and 
acervuli formed on the agar surface. Conidiophores were hyaline, smooth-walled, aseptate 
and branched. Setae were medium brown, 2-4 septate, cylindrical base and acute tip and 66.5-
126.3 µm. Conidia were hyaline, smooth-walled, aseptate, cylindrical, rounded ends, or one 
rounded one slightly acute, 12.8-18.9 x 4.5-6.3 µm and  L/W ratio about 2.9. Teleomorph 
was presented on PDA. Asci contained 8 ascospores. Ascospores were slightly curved, 
hyaline, slightly acute ends and 13.8-21.5 x 3.8-6.3 µm in size. Appressoria were irregular 
shape, single, sometime in small group of 2 and 5.9-12.5 x 3.9-7.4 µm in size.  
Group 6 comprised only one isolate (HM18-128) (Fig. 52). Colonies on PDA were 
white aerial mycelium with abundant of yellow conidial masses. Conidia were hyaline, 
cylindrical, rounded ends, 15.5-18.6 x 4.4-6.0 µm in size and L/W ratio about 3.3. Seta were 
rare, medium to dark brown, cylindrical to inflated base, slightly acute tip, 1-3 septate, 58.1-
83.3 µm and formed from the hypha. Teleomorph stage was not observed. Appressoria were 
irregular in shape, single, medium brown and 6.3-14.1 x 3.8-6.5 µm in size.  
Group 7 included four isolates (HM19-099, HM18-195, HM19-102 and HM19-097) 
(Fig. 53). On PDA, colonies were white with pale grey aerial mycelium. Conidia presented 
in masses with orange color. Conidiophores were hyaline and branched. Conidia were 
hyaline, cylindrical, rounded ends, aseptate, 13.2-18.7 x 4.4-6.7 µm in size and L/W ratio 
about 2.9. Seta were rare, dark brown, cylindrical base, slightly acute tip, 2-4 septate and 
57.5-108.1 µm long. Teleomorph stage was not observed. Appressoria were single or small 










Fig. 51 Description of Colletotrichum isolates belonged to group 5 (HM19-098, HM19-093, 
HM19-192, and HM18-196). (a-h) Observation on PDA: (a) Colonies after seven days 
(above: surface; below: reverse), (b) Conidial masses, (c) seta, (d, e) Conidiophores, (f, g) 
Conidia, (h, k) Appressoria on SNA, (i) Perithecium, (j) Ascospores.  
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Fig. 52 Description of Colletotrichum isolates belonged to group 6 (HM18-128). (a-d) 
Observation on PDA: (a) Colonies after seven days (above: surface; below: reverse), (b) 
Conidial masses, (c) Seta, (d) Conidia. (e) Acervuli on sample, (f) Cross- section of an 
acervulus. (g, h) Appressoria on SNA.  
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Fig. 53 Description of Colletotrichum isolates belonged to group 7 (HM19-099, HM18-195, 
HM19-102, and HM19-097). (a-g) Observation on PDA: (a) Colonies after seven days 
(above: surface; below: reverse), (b) Conidial masses, (c, d) Conidiophores, (e) Setae, (f, g) 
Conidia. (h-j) Appressoria on SNA.  
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Group 8 comprised 2 isolates (HM17-385 and HM17-356) (Fig. 54). On PDA, 
colonies were pale grey to medium grey. Aerial mycelium were dense. On the reverse, 
colonies were dark grey in the center and whiter towards the edge. Conidiophores were rare 
and formed from the hypha. Conidia were cylindrical, hyaline, smooth-walled, one-cell, 
obtuse to slightly rounded ends and 12.0-16.0 x 4.5-5.9 µm (2.7 L/W ratio). Seta were absent. 
Teleomorph stage was not observed. Appressoria were single to small group, medium to dark 
brown, ovoid and 5.8-11.5 x 4.0-6.8 µm.  
Although morphological characters of each group did not clearly indicate the species 
name, they could be related to the Colletotrichum gloeosporioides species complex or the C. 
boninense species complex. Based on the shape and size of conidia, group1 to 4 closed to the 
description of C. boninense complex, which has typical characters of conidia (2.1-2.8 L/W 
ratio) (Jayawardena et al. 2016; Damm et al. 2012). Group 5 to 8 produced cylindrical, 
rounded ends, and 2.7 to 3.3 L/W ratio. These morphological characters matched to the 




Fig. 54 Description of Colletotrichum isolates belonged to group 8 (HM17-385 and HM17-
356). (a-e) Observation on PDA: (a) Colonies after seven days (above), (b) Colonies after 
seven days (below), (c, d) Conidial, (e) Conidiophore. (f-i) Observation on SNA: (f-g) 




Blast search using ITS sequences indicated that twenty Colletotrichum isolates from 
passion fruit trees were belonged to C. gloeosporioides and C. boninense species complex 
(Table 13). Thus phylogenetic analyses of C. gloeosporioides complex and C. boninense 
complex were conducted to determine each species name. All isolates were subjected to 
multi-locus phylogenetic trees generated from the Bayesian and RAxML analyses using ITS, 
CHS-1, CAL, ACT and TUB2. Because the consensus phylogram of BI and ML concatenated 
























Table 13. Blast search based on ITS sequence of Colletotrichum isolates on passion fruit tree. 
 
Isolate 
Fungal name Accession number Percent identity 
(%) 
HM18-190 C. boninense JX010292 98.53 
HM18-128 C. cobbittiense NR_163538 99.83 
HM18-191 C. boninense   JX010292 98.69 
HM18-192 C. aeschynomenes NR_120133 99.82 
HM18-193 C. boninense JX010292 98.69 
HM18-194 C. boninense JX010292 98.69 
HM18-195 C. ti NR_120143 99.49 
HM18-196 C. aeschynomenes NR_120133 100.00 
HM19-093 C. aeschynomenes NR_120133 100.00 
HM19-094 C. phyllanthi  NR_111698 99.43 
HM19-095 C. boninense JX010292 98.53 
HM19-098 C. aeschynomenes NR_120133 100.00 
HM19-102 C. queenslandicum NR_144796 98.97 
HM19-100 C. boninense JX010292 98.37 
HM19-101 C. boninense JX010292 98.53 
HM19-099 C. ti NR_120143 99.49 
HM19-096 C. boninense JX010292 98.17 
HM19-097 C. ti NR_120143 99.83 
HM17-356 C.  cobbittiense NR_163538 99.44 
HM17-385 C. queenslandicum NR_144796 99.27 
146 
 






ITS CHS-1 CAL ACT TUB2 
C. annellatum  CBS 129826* JQ005222 JQ005396 JQ005743 JQ005570  JQ005656 
C. beeveri  CBS 128527* JQ005171 JQ005345 JQ005692 JQ005519  JQ005605 
C. boninense  CBS 123755* JQ005153 JQ005327 JQ005674 JQ005501  JQ005588 
C. brasiliense  CBS 128501* JQ005235 JQ005409 JQ005756 JQ005583  JQ005669 
C. brassicola  CBS 101059* JQ005172 JQ005346 JQ005693 JQ005520  JQ005606 
C. camelliae-
japonicae  
CGMCC 3.18118* KX853165 - - KX893576  KX893580 
C. citricola  CBS 134228* KC293576 KC293792 KC293696 KC293616  KC293656 
C. colombiense  CBS 129818* JQ005174 JQ005348 JQ005695 JQ005522  JQ005608 
C. constrictum  CBS 128504* JQ005238 JQ005412 JQ005759 JQ005586  JQ005672 
C. cymbidiicola  IMI 347923* JQ005166 JQ005340 JQ005687 JQ005514  JQ005600 
C. dacrycarpi  CBS 130241* JQ005236 JQ005410 JQ005757 JQ005584  JQ005670 
C. hippeastri  CBS 125376* JQ005231 JQ005405 JQ005752 JQ005579  JQ005665 
C. karstii CBS 132134* HM585409 HM582023 HM582013 HM581995 HM585428 
C. karstii CBS129822 JQ005218 JQ005392 JQ005739 JQ005566 JQ005652 
C. karstii MAFF305973 JQ005194 JQ005368 JQ005715 JQ005542 JQ005628 
C. karstii ur** ur ur ur ur ur 
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C. karstii ur ur ur ur ur ur 
C. karstii ur ur ur ur ur ur 
C. karstii ur ur ur ur ur ur 
C. karstii ur ur ur ur ur ur 
C. karstii ur ur ur ur ur ur 
Colletotrichum sp ur ur ur ur ur ur 
Colletotrichum sp ur ur ur ur ur ur 
Colletotrichum sp ur ur ur ur ur ur 
C. novae-
zelandiae  
CBS 128505* JQ005228 JQ005402 JQ005749 JQ005576  JQ005662 
C. oncidii  CBS 129828* JQ005169 JQ005343 JQ005690 JQ005517  JQ005603 
C. parsonsiae  CBS 128525* JQ005233 JQ005407 JQ005754 JQ005581  JQ00566 
C. petchii  CBS 378.94* JQ005223 JQ005397 JQ005744 JQ005571  JQ005657 
C. phyllanthi  CBS 175.67* JQ005221 JQ005395 JQ005742 JQ005569  JQ005655 
C. torulosum CBS 128544* JQ005164 JQ005338 JQ005685 JQ005512 J005598 
C. gigasporum  CBS 133266* KF687715 KF687761 - –  KF687866 
* = ex-type culture, ** = Under registration 
1CBS: Culture collection of the Westerdijk Fungal Biodiversity Institute, Utrecht, The Netherlands; CGMCC: Chinese General 
Microbiological Culture Collection Center, Beijing, China; IMI: International Mycological Institute, Kew, UK; MAFF: 




2ITS: internal transcribed spacers and intervening 5.8S nrDNA; GAPDH: partial glyceraldehyde-3-phosphate dehydrogenase 
gene; CAL: partial calmodulin gene; ACT: partial actin gene; TUB2: partial beta-tubulin gene. Sequences generated in this study 





















Table 15. DNA sequence data of species in the Colletotrichum gloeosporioides species complex. 
Species Accession No1. GenBank No2. 
ITS CAL CHS-1 ACT TUB2 
C. aenigma ICMP 18608* JX010244 JX009683 JX009774 JX009443 JX010389 
C. aeschynomenes ICMP 17673* JX010176 JX009721 JX009799 JX009483 JX010392 
C. alatae CBS 304.67* JX010190 JX009738 JX009837 JX009471 JX010383 
C. alienum ICMP 12071* JX010251 JX009654 JX009882 JX009572 JX010411 
C. aotearoa ICMP 18537* JX010205 JX009611 JX009853 JX009564 JX010420 
C. asianum ICMP 18580* FJ972612 FJ917506 JX009867 JX009584 JX010406 
C. changpingense MFLUCC 15-0022 KP683152 - KP852449 KP683093 KP852490 
C. clidemiae ICMP 18658* JX010265 JX009645 JX009877 JX009537 JX010438 
C. conoides CGMCC 3.17615* KP890168 KP890150 KP890156 KP890144 KP890174 
C. cordylinicola MFLUCC 090551* JX010226 HM470238 JX009864 HM470235 JX010440 
C. endophytica MFLUCC13-0418* KC633854 KC810018 - KF306258 - 
C. fructivorum  CBS 133125* JX145145 - - - JX145196 
C. fructicola ICMP 18581* JX010165 FJ917508 JX009866 FJ907426 JX010405 
C. fructicola (syn. C. 
ignotum) 
CBS 125397(*) JX010173 JX009674 JX009874 JX009581 JX010409 
C. fructicola HM19-098 ur** ur ur ur ur 
C. fructicola HM19-093 ur ur ur ur ur 
C. fructicola HM18-192 ur ur ur ur ur 
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C. fructicola HM18-196 ur ur ur ur ur 
C. fructicola (syn. 
Glomerella cingulata 
var. minor) 
CBS 238.49 (*) JX010181 JX009971 JX009839 JX009495 JX010400 
C. gloeosporioides IMI 356878* JX010152 JX009731 JX009818 JX009531 JX010445 
C. grevilleae CBS 132879* KC297078 KC296963 KC296987 KC296941 KC297102 
C. grossum CGMCC 3.17614* KP890165 KP890147 KP890153 KP890141 KP890171 
C. hebeiense MFLUCC 13-0726* KF156863 - KF289008 - KF288975 
C. henanense CGMCC 3.17354* KJ955109 KJ954662 - KM023257 KJ955257 
C. horii NBRC 7478* GQ329690 JX009604 JX009752 JX009438 JX010450 
C. jiangxiense CGMCC 3.17363* KJ955201 KJ954752 - KJ954471 KJ955348 
C. kahawae subsp. 
ciggaro 
ICMP 18539* JX010230 JX009635 JX009800 JX009523 JX010434 
C. kahawae subsp. 
kahawae 
IMI 319418* JX010231 JX009642 JX009813 JX009452 JX010444 
C. kahawae subsp. 
ciggaro   (syn. 
Glomerella cingulate 
var. migrans) 
CBS 237.49 (*) JX010238 JX009636 JX009840 JX009450 JX010432 
C. kahawae subsp. 
ciggaro (syn. 






C. musae CBS 116870* JX010146 JX009742 JX009896 JX009433 HQ596280 
C. nupharicola CBS 470.96* JX010187 JX009663 JX009835 JX009437 JX010398 
C. proteae CBS 132882* KC297079 KC296960 KC296986 KC296940 KC297101 
C. psidii CBS 145.29* JX010219 JX009743 JX009901 JX009515 JX010443 
C. queenslandicum ICMP 1778* JX010276 JX009691 JX009899 JX009447 JX010414 
C. rhexiae CBS 133134* JX145128 - - - JX145179 
C. salsolae ICMP 19051* JX010242 JX009696 JX009863 JX009562 JX010403 
C. siamense ICMP 18578* JX010171 FJ917505 JX009865 FJ907423 JX010404 
C. siamense HM19-99 ur ur ur ur ur 
C. siamense HM19-195 ur ur ur ur ur 
C. siamense HM19-102 ur ur ur ur ur 
C. siamense HM19-097 ur ur ur ur ur 
C. siamense (syn. C. 
hymenocallidis) 
CBS 125378(*) JX010278 JX009709 GQ856730 GQ856775 JX010410 
C. siamense (syn. C. 
jasmini-sambac) 
CBS 130420 HM131511 JX009713 JX009895 HM131507 JX010415 
C. syzygicola MFLUCC 10-0624* KF242094 KF254859  KF157801 KF254880 
C. temperatum  CBS 133122* JX145159 - - - JX145211 
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* = ex-type culture, (*) = ex-type culture of synonymized taxon, ** = Under registration 
1BRIP = Queensland Plant Pathology Herbarium (Australia); CBS: Culture collection of the Westerdijk Fungal Biodiversity 
Institute, Utrecht, The Netherlands; CGMCC: Chinese General Microbiological Culture Collection Center, Beijing, China; 
GZAAS: Guizhou Academy of Agriculture Science, Guizhou Province, China; ICMP: International Collection of 
C. theobromicola CBS 124945 * JX010294 JX009591  JX009444 JX010447 
C. theobromicola 
(syn. C. fragariae) 





MUCL 42294 (*) JX010289 JX009597 JX009821 JX009575 JX010380 
C. ti ICMP 4832* JX010269 JX009649 JX009898 JX009520 JX010442 
C. tropicale CBS 124949* JX010264 JX009719 JX009870 JX009489 JX010407 
C. tropicale HM17-385 ur ur ur ur ur 
C. tropicale HM17-356 ur ur ur ur ur 
C. viniferum GZAAS 5.08601* JN412804 JQ309639 - JN412795 JN412813 
C. wuxiense CGMCC 3.17894* KU251591 KU251833 KU251939 KU251672 KU252200 
C. xanthorrhoeae BRIP 45094* JX010261 JX009653 JX009823 JX009478 JX010448 
Glomerella cingulata 
“f.sp. camelliae” 
ICMP 10646 JX010225 JX009629 JX009892 JX009563 JX010437 
C. gigasporum  CBS 133266* KF687715 KF687822 KF687761 –  KF687866 
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Microorganisms from Plants, Auckland, New Zealand; IMI = CABI Genetic Resource Collection (UK); MAFF: Genebank 
Project, the Genetic Resources Center, NARO (National Agriculture and Food Research Organization), Tsukuba, Japan; 
MFLUCC = Mae Fah Luang University Culture Collection (Thailand); NBRC = Biological Resource Center, National Institute 
of Technology and Evaluation (Japan). 
2ITS: internal transcribed spacers and intervening 5.8S nrDNA; CAL: partial calmodulin gene; CHS-1: partial chitin synthase-






Fig. 55 Maximum likelihood phylogenetic tree showing the relationship of nine 
Colletotrichum isolates obtained from passion fruit tree and strains of Colletotrichum 
boninense species complex based on a five-gene combined datasets (ITS, CHS-1, CAL, ACT 
and TUB2). The RAxML bootstrap support values (ML>70%) and Bayesian posterior 
probabilities (PP>0.7) are display at the nodes (ML/PP). The tree was rooted to C. 
gigasporum (CBS 133266*). * = ex-type strain. 
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Colletotrichum boninense species complex: The five-gene concatenated data set was 
2706 bp. The gene boundaries comprised of ACT: 1-292, CHS-1: 293-657, ITS: 658-1200, 
TUB2: 1201-1919 and CAL: 1920-2706. The analysis involved 31 strains including the out-
group, C. gigasporum (CBS 133266*) (Table. 14). Based on the phylogenetic tree, nine 
Colletotrichum isolates in group 1 to 4 formed a sister group of the reference species C. 
karstii (Fig. 56), and fall with the intraspecific variation for this species. Especially, group 4 
(HM19-100, HM19-101 and HM19-096) were distinct in comparison to other isolates based 
on the phylogenetic tree.  
Morphological observation, supported by phylogenetic tree, was used to identify 
unknown species (Guarnaccia et al. 2017). Culture characteristics were assessed including 
the colour of upper (above) and lower (below) surface on PDA determined as shown in Fig. 
56. Hypha appressoria were observed on SNA. Based on the results of both morphological 
and phylogenetic analysis, the distinct novel species is described in detail as below: 
Anamorph on PDA: Colonies on PDA white, cottony, aerial mycelium rare. A 
numerous of range conidial masses in the center. Reverse side, colonies pale pink with 
numerous of orange flecks corresponding to the conidial masses. Hyphae 2.1-4.2 µm, hyaline, 
smooth-walled, septate and branched. Chlamydospores not observed.  Conidiomata rare on 
strain HM19-100 and HM19-101, but moderate on the strain HM19-096. Conidiophores 
formed directly from vegetative hyphae. Conidiophores hyaline, smooth, septate, branched 
and to 60.4 µm long. Conidiogenous cells hyaline, smooth-walled and cylindrical. Conidia 
hyaline, aseptate, 13.7-16.7 x 5.6-8.0 µm and rounded ends or one rounded one acute. 
Unknown species produced appressoria in single, or in small group of 2. Appressoria medium 
dark, irregular roundish outline, with lobate margin and 9.7-18.5 x 5.3-8.6 µm.  
Teleomorph on PDA: teleomorph was observed on PDA after 3 weeks. Asci contained 
8 ascospores, clavate and fasciculate. Ascospores were slightly curved, hyaline, rounded ends, 
sometime acute ends or one rounded one acute and 14.9-18.9 x 5.8-8.4 µm. 
On the whole, morphological characters of unknown species were very different to 
C. karstii. Conidia size of unknown species fatter than those from C. karstii (13.7-16.7 x 5.6-
8.0 vs 14.5-17.0 x 5.0-6.5 µm in size (Damm et al. 2012)). Aappresoria of new species was 
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9.7-18.5 x 5.3-8.6 while it was 4.5-16.5 x 2.5-10 µm in C. karstii (Damm et al. 2012).  
Ascospores of unknown species were wider than C. karstii (14.9-18.9 x 5.8-8.4 in unknown 
























Fig. 56 Cultural and morphological features of Colletotrichum sp. (a-l) Observation on PDA: 
(a) Colonies after seven days (above),  (b) Colonies after seven days (below), (c) 
Conidiomata, (d) Conidial masses, (e, g) Conidia, (h-j) Conidiophores, (k) Asci,  (l) 




Fig. 57 Maximum likelihood phylogenetic tree showing the relationship of eleven 
Colletotrichum isolates passion fruit tree and trains of Colletotrichum gloeosporioides 
species complex based species complex based on a five-gene combined datasets (ITS, CHS-
1, CAL, ACT and TUB2). The RAxML bootstrap support values (ML>70%) and Bayesian 
posterior probabilities (PP>0.7) are display at the nodes (ML/PP). The tree was rooted to C. 
gigasporum (CBS 133266*). * = ex-type strain, (*) = ex-type strain of synonymized taxon. 
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Colletotrichum gloeosporioides species complex: The five-locus phylogenetic 
analysis of the C. gloeosporioides species complex included sequences of 59 isolates with C. 
gigasporum (CBS 133266*) as the out-group (table 15). The combined alignment comprised 
2513 characters. ML and BI analysis performed on the mentioned alignment with ACT: 1-
228; CAL: 229-924; CHS-1: 925-1228; ITS: 1229-1753 and TUB2: 1754-2513. The 
phylogenetic analysis of the C. gloeosporioides species complex showed that group 1 to 4 
separated into four main groups, representing different species (Fig. 57). In the group 1, four 
isolates: HM19-098, HM19-093, HM19-192 and HM18-196, fell into C. fructicola clade and 
showed the intraspecific variation for this species. They formed into two subgroups. Two 
isolates obtained from stems of passion fruit tree were grouped into one subgroup and two 
isolates obtained from tendrils of passion fruit tree were in another subgroup. The group 2 
included one isolate (HM18-128) which showed a close relationship to the reference species 
of C. aenigma (ICMP 18608*). The group 3 with four Colletotrichum isolates clustered with 
the ex-type strain of C. siamense (ICMP 18578*). These four isolates were divided into three 
subgroups. The group 4 formed a sister group of C. tropicale, and it included two isolates 
HM17-385 and HM17-356.  
To summarize, six Colletotrichum species were found on passion fruit tree. They 
were C. karstii (HM18-191, HM19-095, HM19-094, HM18-194, HM18-193 and HM18-
190), C. fructicola (HM19-098, HM19-093, HM18-192 and HM18-196), C. aenigma 
(HM18-128), C. siamense (HM19-099, HM18-195, HM19-102 and HM19-097), C. tropicale 
(HM17-385 and HM17-356) and an unknown species Colletotrichum sp. (HM19-100, 
HM19-101 and HM19-096). Anthracnose on passion fruit tree flower caused by C. karstii. 
Leaf anthracnose on passion fruit tree related to C. karstii and C. tropicale. Dieback on stem 








 Pathogenicity test 
 Representative isolates were conducted for the pathogenicity test on leaves, 
branches and tendrils of passion fruit tree. The results of the assay was illustrated by figure 
58. Both HM18-190 (= C. karstii) and HM17-385 (= C. tropicale) produced weak symptoms 
of anthracnose on inoculated leaves, whereas there were no symptoms of anthracnose disease 
on control leaves. The inoculated fungi were re-isolated from the symptoms. These result 
indicated that both two species C. karstii and C. tropicale were pathogens to passion fruit 
tree leaf.  
 On stems, twelve Colletotrichum isolates were obtained. Representative isolates 
HM18-194 (= C. karstii), HM18-196 (= C. fructicola), HM18-128 (= C. aenigma), HM19-
102 (= C. siamense) and HM19-100 (= unknown Colletotrichum species) were conducted for 
the pathogenicity test. The results of five representative isolates on passion fruit trees stems 
were showed in figures 59a, and 59b. All five representative isolates produced weak 
symptoms on inoculated stems. The control did not give any symptom. The pathogens 
infected the inoculated stems from the wounded areas. The symptoms were first brown 
sunken areas (Fig. 59a), and it developed and eventually resulted in tearing bark of passion 
fruit tree stems (Fig. 59b). The inoculated fungi were then re-isolated from the symptoms. 
 On tendrils, four isolates were obtained and identified as C. karstii (HM19-095), C. 
siamense (HM19-099) and C. fructicola (HM19-098, and HM19-093). The reults of 
pathogenicity test of these three species on tendrils showed that all three species were 
pathogens to tendrils (Fig. 60). The symptoms were presented on inoculated tendrils two days 
after inoculation. Notably, all tendrils inoculated with HM19-095 (= C. karstii) and HM19-
099 (= C. siamnese) were fully affected one week after inoculation. The inoculated fungi 












     
Figure 58. Pathogenicity test on leaves of passion fruit tree. (a-c) One week after inoculation; 





















































 In this study, six species of Colletotrichum including C. karstii (six isolates), C. 
tropicale (two isolates), C. aenigma (one isolate), C. fructicola (four isolates), C. siamense 
(four isolates) and Colletotrichum sp. (three isolates) were determined as causes of 
anthracnose on passion fruit trees in Japan. Most of them were members within the C. 
gloeosporioides species complex. Thus C. gloeosporioides species complex was important 
to passion fruit tree in Japan. Although species of Colletotrichum on the host have been 
reported in many countries (Du et al. 2017; Júnior et al. 2010; Tarnowski and Ploetz. 2010; 
Wolcan and Larran 2000), this study is the first report showing the diversity of 
Colletotrichum species associated with anthracnose on the host. This is also the first report 
of anthracnose on passion fruit tree related to unknown Colletotrichum species and C. 
fructicola in Japan. 
In our study, C. karstii was determined as the most common pathogen within our six 
isolates obtained from stems, leaves, flowers and tendrils of the passion fruit tree. It 
demonstrated that C. karstii can cause damage to several parts of the host plant. The 
pathogenicity tests with this species were conducted on the stems, leaves and tendrils of 
passion fruit tree, but was not on the flowers unfortunately. Damage on flowers is quite 
serious in nature. Therefore, the pathogenicity assay on flowers should be conducted in the 
further study.   
 Among six species of Colletotrichum determined in the study, some of them 
has been previously recorded in Japan based on the database 
(https://www.gene.affrc.go.jp/databases-micro_search_en.php?pldis=10984). All six 
identified species were isolated from aerial parts of the host except the fruit. In the world, 
fruit anthracnose of passion fruit tree were well known in Brazil, Floria, Argentina and China 
(Du et al. 2017; Peres et al. 2002; Júnior et al. 2010; Tarnowski and Ploetz 2010). Although 
soft rot symptoms on passion fruit were collected during my surveys, Diaporthe and 
Lasiodiplodia were isolated, not Colletotrichum. The Diaporthe species related to the 
symptoms was identified as a new Diaporthe species, Diaporthe fructicola (Minoshima et al. 
















First report of anthracnose on Schima mertensiana  
















First report of anthracnose on Schima mertensiana  
caused by an unknown Colletotrichum species in Japan 
 
Abstract In November 2015, leaf blight on Schima mertensiana was found in 
Chichijima, Bonin Islands, Tokyo, Japan. The causal fungus was isolated from the leaf 
symptoms and identified as unknown Colletotrichum based on morphological examination 
and molecular analysis using ITS, ACT, CHS-1, CAL, and TUB2 sequences. The symptoms 
of leaf blight disease on artificially inoculated leaves were similar to the natural symptoms 
observed. This is the first report of leaf blight on S. mertensiana caused by an unknown 
Colletotrichum species in Japan, and anthracnose, “tanso-byo” in Japanese, is proposed 





















 Schima mertensiana, belonging to Theaceae, is an endemic species to the Bonin 
Islands, Japan (Hata et al. 2010; Toyoda 2014). It is a symbolic tree and is one of the most 
abundant plants in the Bonin Islands (Fig. 61). In terms of geology, Bonin Islands are a chain 
of volcanic Islands (Taylor et al. 1994). It includes three volcanic mountains: Mukojima, 
Chichijima and Hahajima (Taylor et al. 1994), and is about 1000km directly south far from 
Tokyo. Bonin Islands is referred as “the Galapagos Islands of the East” because there was no 
evidence of the connection between Ogasawara Islands and any continent (Gou 2007; 
Emerson 2002; Taylor et al. 1994). Therefore, the Islands makes contribution to an evolution 
theory (Emerson 2002). 
In November 2015, leaf blight on S. mertensiana was found in Chichijima. The small 
necrotic symptoms were first appearance at the edge or the middle of young leaves. The 
symptoms then expanded and became dark brown, and eventually the infected leaves 
exhibited blight (Fig. 61). Black acervuli with relatively long setae and mucilaginous conidial 
masses were observed within the lesions (Fig. 61) 
The aim of this study is to identify the causal pathogen associated with leaf 









Fig. 61 Symptoms of leaf blight and its pathogen on Schima mertensiana. (a) Schima 
mertensiana in Chichijima, (b-d) Symptoms of leaf blight on S. mertensiana in nature, (e, f) 




Material and methods 
Sampling and isolates 
Fungal isolate was obtained from diseased leaves with sporulation by the single-spore 
isolation method (Than et al. 2008b). The conidial masses were pierced with a sterilized 
needle and suspended in sterile water. The conidial suspension was streaked on the surface 
of water agar (WA) plates. Twenty-four hours after incubation, a single germinated spore 
was transferred onto a potato dextrose agar (PDA) plate (Than et al. 2008b). The cultures 
were stored in PDA slants at 10 ºC. The culture was deposited at the NIAS Genebank, 
National Institute of Agrobiological Science, Japan. 
  
Morphological study 
Starter culture was prepared by growing isolate on PDA plates at 25 oC. After seven 
days, the size and shape of 30 conidia harvested from culture were recorded. Beside the 
conidial characters, other morphological features such as shape and size of appressoria, 
absence or presence of setae and colony characters were also observed. Appressoria were 
produced using a slide-culture technique (Johnston and Jones 1997). These selected conidia 
and appressoria were examined under a stereo microscope (Olympus, Tokyo, Japan) and a 
compound microscope (Olympus, Tokyo, Japan). Images were captured with a digital camera 
(Olympus DP21, Tokyo, Japan). The size was calculated by using ‘imageJ’ software (free 
download available at http://rsbweb.nih.gov/ij/).   
 
DNA extraction and PCR amplification 
For DNA extraction, fungal mycelium was grown on PDA for seven days at 25 oC. 
Then, the mycelium was scraped from the surface of the PDA and extracted using 
UltraClean® Microbial DNA Isolation Kit (MOBIO, Laboratories, Inc., California, USA) 
according to the instruction of the manufacturer.  
Primers were based on previous published studies: ITS with ITS-1F/ITS-4 (Gardes 
and Bruns 1993; White et al. 1990), ACT with primers ACT-512F/ACT-783 (Carbone and 
Kohn 1999), CHS-1 with primer CHS-354R/CHS-79F (Carbone and Kohn 1999), CAL with 
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primer CL1C/CL2C (Weir et al. 2012) and TUB2 with primer T1/Bt2b (O’Donnell and 
Cigelnik 1997; Glass and Donaldson 1995). Conditions for PCR of ITS were 4 minutes at 95 
ºC; then 35 cycles of 95 ºC for 30 seconds, 52 ºC for 30 seconds, 72 ºC for 45 seconds and 
final extension at 72 0C for 7 minutes. The optimum annealing temperature was different for 
other loci: CAL at 59 ºC; CHS-1 at 58 ºC; ACT at 58 ºC and TUB2 at 55 ºC (Weir et al. 2012). 
DNA concentrations were estimated visually in 3% agarose gel in 1.0x Tris-acetate acid 
EDTA (TAE) buffer. Then pictures were taken under UV light after staining the gel with 
ethidium bromide for 10 to 15 minutes. 
PCR products were purified using ExoSap-IT PCR Clean-up kit (GE Healthcare Life 
Science, Buckinghamshire, UK) following the manufacturer's instructions. The DNA 
sequences generated with forward and reverse primers were obtained from 3130xl Genetic 
Analyzers (Applied Biosystems, California, USA) with BigDye v.3.1 chemistry (Life 
Technologies, California, USA). 
 
Phylogenetic analysis 
The quality of the nucleotide sequences and the contig assembly were carried out 
using the GeneStudioTM Pro version 2.2.0.0 software package (GeneStudio Inc., Georgia, 
USA). Then, the DNA sequences obtained were aligned by using the FFT-NS-I strategy of 
MAFFT version 7 (Katoh and Standley 2013). Multiple sequence alignments of each gene 
used Mesquite version 3.2 (Maddison and Maddison 2017) and manually adjusted to allow 
maximum sequence similarity. Phylogenetic analysis was constructed from sequences of the 
five loci combined by Bayesian inference (BI) and Maximum likelihood (ML). ML bootstrap 
values (≥ 70 %) and Bayesian PP values (≥ 0.7) were shown at the nodes of the phylogenetic 
trees. 
For Bayesian analyses, a Markov Chain Monte Carlo (MCMC) algorithm was used 
to generate a phylogenetic tree with Bayesian probabilities using MrBayes version 3.2.6 
(Ronquist and Huelsenbeck 2003). Models of nucleotide substitution for each gene 
determined by MrModeltest version 2.3 were included for each gene partition. The analysis 
of the two chains were run from random trees for 2.000.000 generations. Samples were taken 
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from the 500.000 generations every 500 generations. Sequences of Colletotrichum species 
obtained from GeneBank were included in the analysis. 
In terms of Maximum likelihood analyses, the combined dataset of five mentioned 
loci using RAxML (version 7.0.3). Branch and branch node support were determined using 
100 bootstrap replicates (Stamatakis 2008). 
 
Pathogenicity test 
Pathogenicity test was conducted on the healthy leaves of S. mertensiana seedlings 
to confirm its pathogen to the host. Before inoculation, all tested leaves were surface-
sterilized using ethanol 70% and distilled water. The test was performed using a modified 
protocol for the mycelia plug method (Sanders and Korsten 2003) with wounded healthy 
leaves. Artificial wounds were made by pricking the leaves by sterilized needles. Mycelial 
plugs (5 mm) were obtained from seven-day-old cultures using a sterilized cork borer. The 
plugs then transferred to the wounded areas of the leaves using sterile inoculation needle. 
Each mycelial plug was covered by one cm2 wet cotton to maintain the moisture. For the 
control, the leaves were inoculated with pure PDA plugs. The inoculated seedlings were then 
placed in plastic bags and incubated at a greenhouse (approximately 25 ºC) for seven days. 
The wet cottons were removed two days after incubation. Three replicates were performed 
and the experiment was conducted twice. Disease reactions and symptoms were evaluated at 
seven days and eighteen days after inoculation. Fungi from inoculated tissues were re-
isolated, and its morphological traits were checked to confirm Koch’s postulates. 
Host range of the fungus isolated from S. mertensiana was also evaluated. The same 
method of pathogenicity test on S. mertensiana was repeated on two other Theaceae species: 
Camellia japonica L. and Stewartia pseudocamellia Maxim., and four commonly cultivated 
plant species in Bonin Islands: Mangifera indica L., Coffea arabica L., Passiflora edulis 









From infected leaves, three fungal cultures were obtained, namely HM15-259, 
HM15-260 and HM15-261. Those cultures were quite similar to each other based on colony 
and conidial characters. The results indicated that they were the same species of 
Colletotrichum, and one representative isolate (HM15-259) was deposited in the NIAS 
Genebank, National Institute of Agrobiological Science, Japan, as MAFF 247005.   
 
Morphological study 
 All morphological characters of MAFF 247005 were observed (Fig. 62). The 
morphological characters were described in detail as below: 
Teleomorph were not observed on both PDA and SNA. 
Anamorph on PDA: Hyphae were 1.9-5.2 µm diam, hyaline to brown, smooth-walled, 
septate and branched. Chlamydospore was not observed. Conidiophores formed directly from 
the hyphae, hyaline, smooth-walled, aseptate or septate, branched and up to 25.3 µm long. 
Conidiogenous cells were hyaline, smooth-walled, cylindrical and 7.0-26.1 x 3.1-4.9 µm 
(mean ± SD = 14.2 ± 4.3 × 4.2 ± 0.3 µm). Conidia were one celled, smooth, hyaline, rounded 
at the base and the apex and 12.5-19.0 × 5.0-6.5 µm (mean ± SD = 15.8 ± 0.9 × 6.1 ± 0.4 µm, 
length/width ratio (L/W) = 2.6 in size) (n = 30). Setae were absent on PDA. 
Anamorph on SNA: Hyphae were 1.6-4.8 µm diam, hyaline, smooth-walled, sepate 
and strongly branched.  Chlamydospore was not observed. Setae were absent. Conidiophore 
was not observed. Conidia were hyaline, aseptate, smooth-walled, straight, cylindrical, round 
ends and 14.3-17.7 x 5.2-7.0 µm (mean ± SD = 15.6 ± 0.8 × 5.9 ± 0.4 µm, L/W = 2.6). 
Appressoria were single, rarely with group of 2, medium brown, irregular in shape and 7.5-
15.0 × 4.0-10.0 µm (mean ± SD = 12.0 ± 2.3 × 6.2 ± 0.8 µm, L/W = 1.9 in size) (n = 30). 
Cultural characteristics: Colonies were whitish-grey to grey and cottony with conidial 
masses at the center. Fungal grew on PDA at 5 to 35 ºC. The optimal temperature for growth 
was 25 ºC. Growth rate reached to 9.0–10.8 mm/day at optimal temperature. 
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Fig. 62 Cultural and morphological features of Colletotrichum species (MAFF 247005) 
isolated from Schima mertensiana. (a-g) Observation on PDA: (a) Colonies after seven days 
(above), (b) Colonies after seven days (below), (c) Conidial masses, (d, e) Conidiophores, 
(f-h) Conidia. (i-l) Observation on SNA:  (i-k) Appressoria, (l) Conidia. 
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Phylogenetic analyses  
A BLAST search of the NCBI Genebank with the nucleotide sequences using 
“sequences from type material” indicated that ITS sequence of MAFF 247005 shared 
99.38 % identity with ICMP 18537 (C. aotearoa, ex-type: NR120136) (Weir et al. 2012). To 
determine the species name, a phylogenetic analyses of C. gloeosporioides complexes was 
conducted. All members of C. gloeosporioides complex and MAFF 247005 were subjected 
to multi-locus phylogenetic trees generated from RAxML analyses using ITS, CHS-1, CAL, 
ACT and TUB2.  
The five-locus phylogenetic analysis of the C. gloeosporioides species complex 
included sequences of 43 isolates with C. gigasporum (CBS 133266*) as the out-group (table 
16). The combined alignment comprised 2634 characters. ML and BI analysis performed on 
the mentioned alignment with ACT: 1-293; CAL: 294-1026; CHS-1: 1027-1326; ITS: 1327-
1820 and TUB2: 1821-2634. The phylogenetic analysis of the C. gloeosporioides species 











Table 16. DNA sequence data of species in the Colletotrichum gloeosporioides species complex. 
 
Species Accession No1. GenBank No2. 
ITS CAL CHS-1 ACT TUB2 
C. aenigma ICMP 18608* JX010244 JX009683 JX009774 JX009443 JX010389 
C. aeschynomenes ICMP 17673* JX010176 JX009721 JX009799 JX009483 JX010392 
C. alatae CBS 304.67* JX010190 JX009738 JX009837 JX009471 JX010383 
C. alienum ICMP 12071* JX010251 JX009654 JX009882 JX009572 JX010411 
C. aotearoa ICMP 18537* JX010205 JX009611 JX009853 JX009564 JX010420 
C. asianum ICMP 18580* FJ972612 FJ917506 JX009867 JX009584 JX010406 
C. changpingense MFLUCC 15-0022 KP683152 - KP852449 KP683093 KP852490 
C. clidemiae ICMP 18658* JX010265 JX009645 JX009877 JX009537 JX010438 
C. conoides CGMCC 3.17615* KP890168 KP890150 KP890156 KP890144 KP890174 
C. cordylinicola MFLUCC 090551* JX010226 HM470238 JX009864 HM470235 JX010440 
C. endophytica MFLUCC13-0418* KC633854 KC810018 - KF306258 - 
C. fructivorum  CBS 133125* JX145145 - - - JX145196 
C. fructicola ICMP 18581* JX010165 FJ917508 JX009866 FJ907426 JX010405 
C. fructicola (syn. C. 
ignotum) 
CBS 125397(*) JX010173 JX009674 JX009874 JX009581 JX010409 
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C. fructicola (syn. 
Glomerella cingulata 
var. minor) 
CBS 238.49 (*) JX010181 JX009971 JX009839 JX009495 JX010400 
C. gloeosporioides IMI 356878* JX010152 JX009731 JX009818 JX009531 JX010445 
C. grevilleae CBS 132879* KC297078 KC296963 KC296987 KC296941 KC297102 
C. grossum CGMCC 3.17614* KP890165 KP890147 KP890153 KP890141 KP890171 
C. hebeiense MFLUCC 13-0726* KF156863 - KF289008 - KF288975 
C. henanense CGMCC 3.17354* KJ955109 KJ954662 - KM023257 KJ955257 
C. horii NBRC 7478* GQ329690 JX009604 JX009752 JX009438 JX010450 
C. jiangxiense CGMCC 3.17363* KJ955201 KJ954752 - KJ954471 KJ955348 
C. kahawae subsp. 
ciggaro 
ICMP 18539* JX010230 JX009635 JX009800 JX009523 JX010434 
C. kahawae subsp. 
kahawae 
IMI 319418* JX010231 JX009642 JX009813 JX009452 JX010444 
C. musae CBS 116870* JX010146 JX009742 JX009896 JX009433 HQ596280 
C. nupharicola CBS 470.96* JX010187 JX009663 JX009835 JX009437 JX010398 
C. proteae CBS 132882* KC297079 KC296960 KC296986 KC296940 KC297101 
C. psidii CBS 145.29* JX010219 JX009743 JX009901 JX009515 JX010443 
C. queenslandicum ICMP 1778* JX010276 JX009691 JX009899 JX009447 JX010414 
C. rhexiae CBS 133134* JX145128 - - - JX145179 
C. salsolae ICMP 19051* JX010242 JX009696 JX009863 JX009562 JX010403 
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* = ex-type culture, (*) = ex-type culture of synonymized taxon 
1BRIP = Queensland Plant Pathology Herbarium (Australia); CBS: Culture collection of the Westerdijk Fungal Biodiversity 
Institute, Utrecht, The Netherlands; CGMCC: Chinese General Microbiological Culture Collection Center, Beijing, China; 
GZAAS: Guizhou Academy of Agriculture Science, Guizhou Province, China; ICMP: International Collection of 
Microorganisms from Plants, Auckland, New Zealand; IMI = CABI Genetic Resource Collection (UK); MAFF: Genebank 
Project, the Genetic Resources Center, NARO (National Agriculture and Food Research Organization), Tsukuba, Japan; 
MFLUCC = Mae Fah Luang University Culture Collection (Thailand); NBRC = Biological Resource Center, National Institute 
of Technology and Evaluation (Japan). 
C. siamense ICMP 18578* JX010171 FJ917505 JX009865 FJ907423 JX010404 
C. syzygicola MFLUCC 10-0624* KF242094 KF254859  KF157801 KF254880 
C. temperatum  CBS 133122* JX145159 - - - JX145211 
C. theobromicola CBS 124945 * JX010294 JX009591  JX009444 JX010447 
C. ti ICMP 4832* JX010269 JX009649 JX009898 JX009520 JX010442 
C. tropicale CBS 124949* JX010264 JX009719 JX009870 JX009489 JX010407 
C. viniferum GZAAS 5.08601* JN412804 JQ309639 - JN412795 JN412813 
C. wuxiense CGMCC 3.17894* KU251591 KU251833 KU251939 KU251672 KU252200 
C. xanthorrhoeae BRIP 45094* JX010261 JX009653 JX009823 JX009478 JX010448 
Glomerella cingulata 
“f.sp. camelliae” 
ICMP 10646 JX010225 JX009629 JX009892 JX009563 JX010437 
Colletotrichum sp MAFF 247005  LC475433 LC475435 LC475336 LC475434 LC475437 
C. gigasporum  CBS 133266* KF687715 KF687822 KF687761 –  KF687866 
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2ITS: internal transcribed spacers and intervening 5.8S nrDNA; CAL: partial calmodulin gene; CHS-1: partial chitin synthase-




Fig. 63 Maximum likelihood phylogenetic tree showing the relationship of Colletotrichum 
species (MAFF 247005) obtained from Schima mertensiana and strains of Colletotrichum 
gloeosporioides species complex based on a five-gene combined datasets (ITS, CHS-1, CAL, 
ACT and TUB2). The RAxML bootstrap support values (ML>70%) and Bayesian posterior 
probabilities (PP>0.7) are displayed at the nodes (ML/PP). The tree was rooted to C. 




The symptoms were showed on all wounded leaves of Schima mertensiana. They 
were similar to the symptoms on S. mertensiana observed in Chichijima, Bonin Islands (Fig. 
64). On inoculated leaves, initiative symptoms were dark spots; the symptoms were then 
developed and resulted in enlarging lesions size. The inoculated fungus was re-isolated from 
the inoculated leaves. There were no symptoms of disease on control leaves.  
The results of pathogenicity test on other plant species showed that MAFF 247005 
produced the reddish-dark spots on the leaves of Camellia japonica and Mangifera indica 
five days after inoculation. The symptoms were somewhat similar to those observed on S. 
mertensiana (Fig. 65a, b). Although pale brownish color around inoculation points on the 
leaves of S. pseudocamellia were observed, the symptoms did not expand (Fig. 65c). The 




























Fig. 64 Pathogenicity test of MAFF 247005 on wounded leaves of Schima mertensiana (a) 
Seven days after inoculation, (b) Eighteen days after inoculation.  
 












Fig. 65 Result of pathogenicity test of MAFF 247005 on wounded-inoculated leaves of 
several plants five days after inoculation (white arrows): (a) On Camellia japonica, (b) On 
Mangifera indica, (c) On Stewartia pseudocamellia, (d) On Coffea arabica, (e) On Carica 








The result of morphological study and phylogenetic analyses indicated that MAFF 
247005 obtained from Schima mertensiana belonged to the Colletotrichum gloeosporioides 
species complex and phylogenetically distinctive from any known other species within C. 
gloeosporioides species complex. From our phylogenetic analysis, C. henanense was 
determined as the closest species to MAFF 247005. However, the results in detail of 
morphological comparison between C. henanense and MAFF 247005 showed that they were 
different species. Especially, the size of conidia was clearly distinct between them (12.5-19.0 
× 5.0-6.5 µm in our fungus vs 8.0-17.0 × 3.0-5.5 µm in C. henansense) (Liu et al. 2015). 
Therefore, MAFF 247005 could be a new Colletotrichum species. 
This study was the second report of anthracnose disease caused by Colletotrichum on 
the genus Schima in the world. The first report was published by Jinno (1982). The disease 
was reported on Schima bancana Miq. found in Indonesia, and setae of the pathogenic fungus 
were rarely observed (Jinno 1982). Whereas, the disease found in Japan was occurred on S. 
mertensiana with abundant acervuli having many setae. 
According to Shimizu (2003), epidemic plants and animals in the Bonin Islands are 
in danger of extinction. Among 113 plants species accounted of 80% of the epidemic species 
from the Bonin Island are considered as endangered species (Shimizu 2003). Although there 
are so far abundant trees of S. mertensiana, it should also be carefully conserved. The present 
study indicated that unknown Colletotrichum was pathogenic to the S. mertensiana. However, 
the detailed information about the newly discovered species in Bonin Islands has not been 
known about its incidence or life cycle on the host. Thus, more surveys such as the damage 
and impact of the species on S. mertensiana and other plants in the ecosystem should be 
carried out.  
Our artificial inoculation test confirmed that MAFF 247005 potentially causes 
damage to at least others two plant species. Therefore, care should be taken to avoid infection 

















Chapter VI.  
First report of anthracnose caused by Colletotrichum sojae  
















Chapter VI.  
First report of anthracnose caused by Colletotrichum sojae  
on Zingiber officinale 
 
Abstract Ginger (Zingiber officinale Rosc.) is well known as a widely used of spicy 
food and is an important medicinal plant around the world. In 2018, the leaf spot was found 
on ginger in Tokyo, Japan. From the diseased leaves, abundant acervuli with long dark setae 
were observed. The fungus was identified as Colletotrichum sojae (a member within the C. 
orchidearum species complex) based on morphological study and multi-locus analysis using 
ITS, ACT, GAPDH, CHS-1 and TUB2. The inoculation was conducted using C. sojae on 
healthy leaves of ginger. The test indicated that C. sojae was pathogenic to ginger leaf. This 




















Ginger (Zingiber officinale Rosc.) belonging to the family Zingiberaceae includes 
cardamom and turmeric (White 2007; Xizhen et al. 2005). It is known as one of the most 
important and widely consumed spices on the world (Ravindran and Babu 2005) with 
commonly used for culinary purposes as condiment for many foods and beverages (Shukla 
and Singh 2007). Ginger is also known as one of the more widely treated herbal supplement 
in the form of ginger sticks or ginger ale (White 2007). From many years ago, ginger has 
been applied as a treatment for various conditions, comprising motion sickness, nausea and 
vomiting, and arthritis (White 2007). Rhizome, also called as ginger root, is the horizontal 
stem of the plant and is the consumed portion of the ginger plant.  
Darshana et al. (2014) reported that ginger is susceptible to insect, pest and disease.  
In the problems, fungal, bacterial and virus diseases are main concerns. Among such diseases 
on aerial parts, leaf spot caused by Colletotrichum gloeosporioides is one of the main cause 
of concern on ginger (Darshana et al. 2014). According to Ravindran and Babu (2005), the 
leaf spot disease was first reported by Sundraraman in Andha Pradesh, India, since 1922, the 
disease was then found by Wallace and Wallace from Tanganyika territory in 1945. The 
pathogen causing leaf spot disease in Andha Pradesh was identified and named 
Colletotrichum zingiberi by Butler and Bisby (1931). Nowadays, it has been recorded that 
two Colletotrichum species including C. gloeosporioides and C. capsici responsible for leaf 
spot disease on ginger (Xizhen et al. 2005). 
In November 2018, leaf spot on ginger was found in Tokyo Metropolitan Medicinal 
Plants Garden. The symptoms presented at the top and the edges of infected leaves. They 
were brown and ellipsoid lesions. The spots then developed and coalesced. Eventually, the 
infected leaves turned to brown (Fig. 66).  The lesions were covered by acervuli with long 
black setae (Fig. 66). From the symptom, acervuli and long black setae which are typical 
morphological characters of Colletotrichum genus were observed. The aims of the study were 
(1) to identify the Colletotrichum species existed on ginger leaf based on combination of 
morphological and molecular analysis; (2) to determine the pathogenicity of an identified 
species through pathogenicity test.   
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Material and methods 
 
Sampling and isolation 
Fungal isolates were obtained from diseased leaves with sporulation by the single 
spore method (Than et al. 2008b). Conidia were collected from acervuli and suspended in 
sterile water. The prepared conidial suspension was spread over the surface of water agar 
(WA). After 24 hours, a single germinating spore were transferred onto DifcoTM potato 
dextrose agar (PDA; Detroit, MI, USA). The cultures were stored in PDA slant at 10 ºC. 
 
Morphological identification 
The isolates were grown on PDA plate at 27.5 ºC. After one week, the size and shape 
of 30 conidia harvested from the culture were recorded. Beside conidial characters, other 
morphological traits such as the size and shape of appressoria, presence or absence of setae 
were also observed.  
Appressoria were produced by using a slide culture technique. A 10 mm2 square block 
of Synthetic Low-nutrient Agar (SNA) was placed on a sterile slide glass that was kept in an 
empty petri dish, and the edge of the agar blocks was inoculated on one side with mycelium. 
The inoculated agar block was covered by a sterile coverslip (Lima et al. 2013). Seven days 
after inoculation, shape and size of 30 randomized appressoria were measured.  
The selected conidia and appressoria were observed under a stereo microscope 
(Olympus, Tokyo, Japan) and a compound microscope (Olympus, Tokyo, Japan). Images 
were captured with a digital camera (Olympus DP21, Tokyo, Japan). The size was calculated 




Fig. 66 Symptoms of leaf spot and its pathogen on ginger: (a-c) Symptoms of leaf spot 
disease, (d, e) Acervuli on the lesions, (f, g) Conidia, (h) Acervulus with conidia and setae. 
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DNA extraction, sequencing, and analysis 
 Fungal mycelium was grown on PDA for seven days at 25 ºC. The mycelium was 
scraped from the surface of the PDA and extracted using UltraClean® Microbial DNA 
Isolation Kit (MOBIO, Laboratories, Inc., California, USA) according to the instruction of 
the manufacturer.  
Primers were based on previous published studies: ITS-1F/ITS-4 (Gardes and Bruns 
1993; White et al. 1990), ACT with primers ACT-512F/ACT-783 (Carbone and Kohn 1999), 
CHS-1 with primer CHS-354R/CHS-79F (Carbone and Kohn 1999), GAPDH with primer 
GDF1/GDR1 (Guerber et al. 2003) and TUB2 with primer T1/Bt2b (O’Donnell and Cigelnik 
1997; Glass and Donaldson 1995). Conditions for PCR of ITS were 4 minutes at 95 ºC; then 
35 cycles of 95 ºC for 30 seconds, 52 ºC for 30 seconds, 72 ºC for 45 seconds and final 
extension at 72 0C for 7 minutes. The optimum annealing temperature was different for other 
loci: GAPDH at 60 ºC; CHS-1 at 58 ºC; ACT at 58 ºC and TUB2 at 55 ºC (Weir et al. 2012). 
DNA concentrations were estimated visually in 3% agarose gel in 1.0x Tris-acetate acid 
EDTA (TAE) buffer. Pictures were taken under UV light after staining the gel with ethidium 
bromide for 10 to 15 minutes. 
PCR products were purified using ExoSap-IT PCR Clean-up kit (GE Healthcare Life 
Science, Buckinghamshire, UK) following the manufacturer's instructions. The DNA 
sequences generated with forward and reverse primers were obtained from 3130xl Genetic 
Analyzers (Applied Biosystems, California, USA) with BigDye v.3.1 chemistry (Life 
Technologies, California, USA). 
 The consensus sequences of each region were aligned using Mesquite version 3.2 
(Maddison and Maddison 2017). All ambiguously aligned regions were excluded from the 
analyses by eyes. The quality of the nucleotide sequences and the contig assembly were 
carried out using the GeneStudioTM Pro version 2.2.0.0 software package (GeneStudio Inc., 
Georgia, USA). The DNA sequences obtained were aligned by using the FFT-NS-I strategy 
of MAFFT version 7 (Katoh and Standley 2013). Multiple sequence alignments of each gene 
used Mesquite version 3.2 (Maddison and Maddison 2017) and manually adjusted to allow 
maximum sequence similarity. A phylogenetic analysis was constructed from sequences of 
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the five loci combined Maximum likelihood (ML). The combined dataset of five mentioned 
loci using RAxML (version 7.0.3). Branch and branch node supports were determined using 
100 bootstrap replicates (Stamatakis 2008). The phylogenetic analyses comprises our trains 
and selected type species of Colletotrichum from Genbank. ML bootstrap values (≥ 70 %) 
were shown at the nodes of the phylogenetic trees.  
 
Pathogenicity assay 
 Wounded treatment with three replicates was conducted in pathogenicity assay. The 
assay was performed on healthy leaves of potted ginger seedlings. All tested leaves were 
surface sterilized before inoculation. The wounds were made by pricking the surface of 
ginger leaves with a sterilized needle.  Mycelium plugs (5 mm) were obtained from seven-
day-old culture using a sterilized cork borer. The plugs then transferred to the wounded areas 
on inoculated leaves. For the control, the leaves were inoculated with pure PDA plugs.  Each 
plug was covered by one cm2 wet cotton to maintain the moisture. All inoculated leaves were 
covered by plastic bags and then placed in a greenhouse at 25 ºC. Plastic bags were removed 
after 48 hours. The inoculated leaves were photographed and described. A fungus from 
inoculated leaves was re-isolated, morphological traits of the isolated fungus were then 

















Three isolates were obtained from acervuli by using single spore method. Their 
morphological characters were identical. Therefore, a representative isolate (HM18-197) was 
used for further examinations.  
 
Morphological study 
 All morphological features of HM18-197 were shown (Fig. 67), and described in 
detail as below: 
 Anamorph on PDA: vegetative hyphae were 2.3-6.3 µm diam, hyaline to pale 
brown, smooth-walled and branched. Chlamydospores were not observed. Conidiophores 
and setae formed directly from the hyphae. Setae were medium to dark brown, smooth-walled, 
53.1-98.5µm long, 1-3 septate and rounded or slightly acute tip. Base of the seta was 
cylindrical to slightly inflated and 4.4-7.5 µm diam. Conidiophores were rare, hyaline, 
smooth-walled, simple, sometimes septate and to 31.6 µm long. Conidiogenous cells were 
hyaline, smooth-walled, cylindrical and 9.0-20.6 x 2.9-5.8 µm in size. Conidia were 
cylindrical, rounded ends and 17.2-20.3× 5.0-6.0µm (L/W ratio = 3.5). Appressoria were 
single, or in small group of 2, medium to dark brown, irregular roundish outline, with lobate 
margin and 10.5-21.0 x 6.0-14.9 µm in size.  
Teleomorph on PDA: Ascomata perithecia were dark brown. Asci contained 8 
ascospores, clavate and fasciculate. Ascospores were curved and 22.0-37.0 x 3.8-6.1 µm 
(L/W ratio = 5.8).  
Cultural characteristics: On PDA, colonies were pale pink and white towards the 
margin. Temperature condition for fungal growth on PDA was from 5 to 35 ºC. However, 
optimal temperature for the growth was 27.5 ºC. Growth rate was 7.7-10.7 mm/day in optimal 
temperature condition.  
These morphological features of HM18-197 closed to the description of the C. 





Fig. 67 Cultural and morphological features of HM18-197. (a-i) Observation on PDA. (a) 
Colonies after seven days (above), (b) Colonies after seven days (below), (c) Acervuli, (d) 
Setae, (e) Conidia, (f) Conidiophores and seta, (g) Conidiophores, (h) Asci with ascospores, 





Morphological identification indicated that HM18-197 was a member of the C. 
orchidearum species complex. To determine the species, a phylogenetic analyses of C. 
orchidearum species complex was conducted. All members of the C. orchidearum species 
complex and HM18-197 were subjected to multi-locus phylogenetic trees generated from the 
RAxML analyses using ITS, CHS-1, GAPDH, ACT and TUB2.  
 The five-locus phylogenetic analysis of the C. orchidearum species complex included 
sequences of 10 isolates with C. gigasporum (CBS 133266*) as the out-group (table 17). The 
combined alignment comprised 2156 characters. ML performed on the mentioned alignment 
with ACT: 1-270; CHS-1: 271-573; GAPDH: 574-855; ITS: 856-1394 and TUB2: 1395-2156. 
Result of phylogenetic analysis on the C. orchidearum species complex showed that HM18-
197 closed to the reference species C. sojae (ATCC 62257*) (Fig. 68).  
 
Pathogenicity test 
 The result of our pathogenicity test was shown in Figure 69. C. sojae (HM18-197) 
produced brownish lesions with yellow halos on inoculated leaves. The symptoms were 
occurred on wounded areas five days after inoculation. Initiative symptoms were pale brown 
spots. The spots then developed and turned to brownish color with yellow halos. Acervuli 
were observed on the lesions. However the symptom on the leaves was not drastically spread. 
The fungus was re-isolated from the diseased leaves. On control leaves, no symptoms were 
developed. The pathogenicity assay indicated that C. sojae was demonstrated to reproduce 





Table 17. DNA sequence data of species in the Colletotrichum orchidearum species complex. 
Species Accession No1. GenBank No2. 
  ITS GAPDH CHS-1 ACT TUB2 
C. cattleyicola CBS 170.49* MG600758 MG600819 MG600866 MG600963 MG601025 
C. cliviicola CBS 125375* MG600733 MG600795 MG600850 MG600939 MG601000 
C. musicola CBS 132885* MG600736 MG600798 MG600853 MG600942 MG601003 
C. orchidearum CBS 135131* MG600738 MG600800 MG600855 MG600944 MG601005 
C. piperis CPC 21195* MG600760 MG600820 MG600867 MG600964 MG601027 
C. plurivorum CBS 125474* MG600718 MG600781 MG600841 MG600925 MG600985 
C. sojae ATCC 62257* MG600749 MG600810 MG600860 MG600954 MG601021 
C. sojae HM18-197 ur** ur ur ur ur 
C. vittalense CBS 181.82* MG600734 MG600796 MG600851 MG600940 MG601001 
C. gigasporum  CBS 133266* KF687715 KF687822 KF687761 –  KF687866 
1ATCC: American Type Culture Collection, Virginia, USA; CBS: Culture collection of the Westerdijk Fungal Biodiversity 
Institute, Utrecht, The Netherlands; CPC: Culture collection of Pedro Crous, housed at CBS; MAFF: Genebank Project, the 
Genetic Resources Center, NARO (National Agriculture and Food Research Organization), Tsukuba, Japan.  
2ITS: internal transcribed spacers and intervening 5.8S nrDNA; GAPDH: partial glyceraldehyde-3-phosphate dehydrogenase 
gene; CHS-1: partial chitin synthase-1 gene; ACT: partial actin gene; TUB2: partial beta-tubulin gene. Sequences generated in 






Fig. 68 Maximum likelihood phylogenetic tree showing the relationship between isolate 
HM18-197 and strains of Colletotrichum orchidearum species complex based on a five-gene 
combined datasets (ITS, GAPDH, CHS-1, ACT and TUB2). The bootstrap support values 
(ML>70%) are displayed at the nodes. The tree was rooted to C. gigasporum (CBS 133266*). 







Fig. 69 Pathogenicity test of Colletotrichum sojae (HM18-197) on leaves of ginger: (a) 
Control leaf after one week; (b) Inoculated leaf after one week; (c) Control leaf after two 






Leaf spot diseases on ginger have been reported by several pathogens such as 
Phyllotiscta, Helminthosporium, Cercospora, Pyricularia, Rhizoctonia, Septoria and 
Colletotrichum (Rai et al. 2017; Darshana et al. 2014).  Previously, Colletotrichum 
gloeosprioides and C. capsici have been reported as main species causing of ginger leaf spot 
in South-Eats Asian countries (Xizhen et al. 2005). The present study is the first report of 
leaf sport caused by C. sojae on ginger in the world.  
Based on our detail morphological studies, our fungus (HM18-197) was slightly 
different from reference strain of C. sojae, ATCC 62257. For example, ATCC 62257 does not 
produce its asexual stage (Damm et al. 2019). However, HM18-197 could commonly 
produce both sexual and asexual stages not only on PDA but also on the host. Historically, 
identification of C. sojae showed that its teleomorph and anamorph (sexual and asexual 
stages) have considerable variation within the strains of this species (Damm et al. 2019). 
Interestingly, HM18-197 on PDA is also variable in different temperature condition. Colonies 
become rosier when the temperature was higher.  Also acervuli with setae presented at only 
25 ºC and 27.5 ºC. It was interesting point and could be considered as an important trait to 
identify the C. sojae.  
According to Darshana et al (2014), the C. gloeosporioides provided two types of 
symptoms on leaves of ginger. One is circular to oval, with non-coalescing brown necrotic 
spot bordered with a bright yellow halo; and the other one is circular to oval with coalescing 
necrotic lesions occurring along the margins of the leaf. It might be possible there were two 
Colletotrichum (C. gloeosporioides and C. sojae) existed, and Darshana et al. (2014) only 
successfully isolate C. gloeosporioides. 
Fungi can switch between an endophytic and a necrotrophic lifestyle, and 
Colletotrichum is one of the representative example to do both lifestyle (Photita et al. 2005; 
Delaye et al. 2013). For instance, Vieira et al (2014) documented that endophytes 
Colletotrichum isolates were also the pathogen to mango in Brazil. According to previous 
studies, several Colletotrichum species on ginger have been found as plant pathogens and 
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plant endophytes (Photita et al. 2005; Darshana et al. 2014; Xizhen et al. 2005). Therefore, it 




































Colletotrichum species found on leaves of Citrus  
 
Abstract During surveys of Colletotrichum on Citrus from 2017-2019, symptoms of 
leaf anthracnose were observed in Kawasaki City Agricultural Technology Support Center 
and Tokyo Metropolitan Medicinal Plants Garden. From the symptoms, main morphological 
characters of Colletotrichum species such as conidial masses, acervuli and black setae were 
recognized. Based on the morphological examination and multi-locus phylogeny analyses 
(ITS, ACT, CAL, CHS-1 and TUB2), eight Colletotrichum isolates obtained from diseased 
leaves of citrus were identified. They were identified as C. aenigma (1 isolate) and C. 
gloeosporioides sensu stricto (7 isolates). The symptoms on artificially inoculated leaves 
were similar to the symptoms observed in nature. This is the first report of C. aenigma on 





















 Citrus is one of the important fruit crop in the world (Guarnaccia et al. 2017; Ladaniya 
and Ladaniya 2010). The plant including oranges, lemons, limes, citrons, kumquats and so 
on are grown commercially in more than 50 countries around the world (Ladaniya and 
Ladaniya 2010). 
Previously, important studies about the association of Colletotrichum to anthracnose 
disease on citrus have been reported and showed that the pathogens can affect on some aerial 
parts of the host. For example, C. gloeosporioides and C. absissum (previously known as C. 
acutatum) have been reported as causal pathogens of post bloom fruit drop in Brazil (Lima 
et al. 2011). Colletotrichum taiwanense was isolated from dead branch of lemon in Japan 
(Sato et al. 2012). Colletotrichum karstii and C. citricola have been recorded as causes of 
anthracnose on citrus fruits in China (Huang et al. 2013). Several Colletotrichum species 
including C. boninense, C. brevispora, C. fructicola, C. gloeosporioides, C. karsti, C. 
simmondsi and C. murrayae were reported as causes of anthracnose on leaves of citrus in 
China (Lijuan et al. 2012). Guarnaccia et al. (2017) mentioned that many Colletotrichum 
species have been found on citrus leaves (C. gloeosporioides, C. helleniense, C. hystricis, C. 
karsti, C. novae-zelandiae, C. catinaense, C. limonicola, C. acutatum) in Europe. Those 
reports showed high diversity of Colletotrichum species and their serious damages on the 
Citrus leaves. 
From 2017- 2019, symptoms of anthracnose diseases on leaves of three Citrus: 
Sudachi (Citrus sudachi Hort. ex Shirai), Yuzu (Citrus junos Sieb. ex Tanaka) and Navel 
(Citrus sinensis Obs. var. brasiliensis Tanaka) were found in Kawasaki City Agricultural 
Technology Support Center and Tokyo Metropolitan Medicinal Plants Garden, Japan. The 
symptoms mainly appeared at the margin of intermediate leaves (Fig. 70). The lesions 
became brown spots covered by acervuli with black setae or numerous of conidial masses 
(Fig. 71) and have halos. 
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The study aims: (1) to identify the Colletotrichum species associated with 
symptomatic anthracnose on Citrus leaf in Japan; (2) to determine the pathogenicity of 





























Material and methods 
 
Sampling and fungal isolation 
The leaves with symptoms of anthracnose or similar symptoms were collected on 
three varieties of citrus: Navel, Yuzu and Sudachi.  Fungal isolates were obtained from 
diseased leaves with sporulation by the single-pore isolation method. On the acervuli, conidia 
from conidial masses were collected and suspended in sterile water. The prepared conidial 
suspension was then spread over the surface of water agar (WA). After 24 hours, a single 
germinating spore was transferred onto DifcoTM potato dextrose agar (PDA; Detroit, MI, 
USA). The cultures were then stored in PDA slants at 10 ºC. 
 
Morphological identification 
These Colletotrichum isolates growing on PDA plate at 25 ºC were used for 
morphological examination. After one week, the size and shape of 30 conidia harvested from 
the cultures were recorded. Beside conidial characters, other morphological traits such as the 
shape and size of appressoria, and presence or absence of setae were also observed.  
Appressoria were produced by using a slide culture technique. A 10 mm2 square block 
of Synthetic Low-nutrient Agar (SNA) was placed on a sterile slide glass that was kept in an 
empty petri dish, and the edge of the agar blocks was inoculated on one side with mycelium. 
The inoculated agar block was covered by a sterile coverslip (Lima et al. 2013). Seven days 
after inoculation, shape and size of 30 randomized appressoria from each isolate were 
measured.  
The selected conidia and appressoria were observed under a stereo microscope 
(Olympus, Tokyo, Japan) and a compound microscope (Olympus, Tokyo, Japan). Images 
were captured with a digital camera (Olympus DP21, Tokyo, Japan). The size was calculated 






Fig. 70 Symptoms of anthracnose on leaves of Citrus in nature: (a-c) On Sudachi, (d) On 




Fig. 71 Acervuli with setae, and conidial masses of Colletotrichum on leaves of Citrus: (a) 
On Yuzu, (b-d, f) On Sudachi, (e) On Navel. 
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DNA extraction, sequencing, and analysis 
 Fungal mycelium was grown on PDA for seven days at 25 ºC. The mycelium was 
then scraped from the surface of the PDA and extracted using UltraClean® Microbial DNA 
Isolation Kit (MOBIO, Laboratories, Inc., California, USA) according to the instruction of 
the manufacturer.  
Primers were based on previous published studies: ITS with primers ITS-1F/ITS-4 
(Gardes and Bruns 1993; White et al. 1990), ACT with primers ACT-512F/ACT-783 
(Carbone and Kohn 1999), CHS-1 with primer CHS-354R/CHS-79F (Carbone and Kohn 
1999), CAL with primer CL1C/CL2C (Weir et al. 2012) and TUB2 with primer T1/Bt2b 
(O’Donnell and Cigelnik 1997; Glass and Donaldson 1995). Conditions for PCR of ITS were 
4 minutes at 95 ºC; then 35 cycles of 95 ºC for 30 seconds, 52 ºC for 30 seconds, 72 ºC for 
45 seconds and final extension at 72 ºC for 7 minutes. The optimum annealing temperature 
was different for other loci: CAL at 59 ºC; CHS-1 at 58 ºC; ACT at 58 ºC and TUB2 at 55 ºC 
(Weir et al. 2012). DNA concentrations were estimated visually in 3% agarose gel in 1.0x 
Tris-acetate acid EDTA (TAE) buffer. Pictures were taken under UV light after staining the 
gel with ethidium bromide for 10 to 15 minutes. 
Then PCR products were purified using ExoSap-IT PCR Clean-up kit (GE Healthcare 
Life Science, Buckinghamshire, UK) following the manufacturer's instructions. The DNA 
sequences generated with forward and reverse primers were obtained from 3130xl Genetic 
Analyzers (Applied Biosystems, California, USA) with BigDye v.3.1 chemistry (Life 
Technologies, California, USA). 
 The consensus sequences of each region were aligned using Mesquite version 3.2 
(Maddison and Maddison 2017). All ambiguously aligned regions were excluded from the 
analyses by eyes. The quality of the nucleotide sequences and the contig assembly were 
carried out using the GeneStudioTM Pro version 2.2.0.0 software package (GeneStudio Inc., 
Georgia, USA). The DNA sequences obtained were aligned by using the FFT-NS-I strategy 
of MAFFT version 7 (Katoh and Standley 2013). Multiple sequence alignments of each gene 
used Mesquite version 3.2 (Maddison and Maddison 2017) and manually adjusted to allow 
maximum sequence similarity. Phylogenetic analysis was constructed from sequences of the 
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five loci combined Maximum likelihood (ML). The combined dataset of five mentioned loci 
using RAxML (version 7.0.3). Branch and branch node support was determined using 100 
bootstrap replicates (Stamatakis 2008). The phylogenetic analyses comprises our trains and 
selected type species of Colletotrichum from Genbank. ML bootstrap values (≥ 70 %) were 
shown at the nodes of the phylogenetic trees.  
 
Pathogenicity assay 
 The pathogenicity assay was performed on healthy leaves of potted citrus seedlings 
with three varieties including Navel Orange, Citrus Yuzu and Citrus Sudachi by wounded 
treatment with three replicates. The wounds were made by pricking the surface of citrus 
leaves with a sterilized needle. The plugs of fungal growing on PDA at 25 ºC were placed on 
wounded inoculated leaves. For the control, leaves of citrus were inoculated with pure PDA 
plugs. Each mycelial plug was covered by one cm² wet cotton to maintain the moisture. The 
inoculated leaves were covered by plastic bags and placed in a greenhouse at 25 ºC. Plastic 
bags were removed after 48 hours. Disease symptoms of leaf anthracnose on inoculated 
plants were observed after seven days. Fungi from inoculated tissues were re-isolated, and 

















From acervuli and conidial masses, eight Colletotrichum isolates were obtained. They 
were HM17-148, HM19-116, HM19-117, HM19-118, HM19-086-1, HM19-086-2, HM19-
087-1 and HM19-123. 
 
Morphological study  
Based on colony characters, isolates were not divided as morphological group. 
Morphological features of each isolate were described as below: 
HM17-148: its morphological characters were illustrated in figure 72. Colonies on 
PDA were white and became grey with the age. Aerial mycelium was grey with numerous 
visible conidial masses at the center. Conidiophores formed directly from the hypha. 
Conidiophores were hyaline, smooth-walled, sepate, branched and up to 58.7 µm diam. 
Conidiogenous cells were hyaline, smooth-walled and 10.4-23.1 x 2.4-3.7 µm in size. 
Conidia were cylindrical, hyaline, round ends, sometimes one rounded one slightly acute and 
15.1-18.9 x 4.5-6.0 µm in size. Setae were absent on PDA. Teleomorph was not observed. 
Appressoria were single, sometimes in group of 2, dark brown, smooth-walled, slightly ovoid 
in shape and 9.1-15.4 x 5.0-7.4 µm in size.  
HM19-116: its morphological characters were showed in figure 73.  Colonies on PDA 
surface after one week were white cottony. Aerial mycelium was pale grey and dense at the 
center. Conidiophores formed directly from hyphae, simple, hyaline, smooth-walled and 
aseptate. Conidiogenous cells were hyaline, cylindrical, aseptate, sometimes septate and 
14.6-25.2 x 2.2-49 µm in size.  Setae were spare, 2-4 septate, 71.5-129.1 µm, rounded tip and 
cylindrical base. Conidia were hyaline, smooth-walled, aseptate, straight, rounded ends, 
sometimes one rounded one acute and 14.9-17.2 x 4.8-6.1 µm in size. Teleomorph was not 
observed. Appressoria were single, irregular shape, medium to dark brown and 6.9-12.9 x 
5.1-8.0 µm in size.  
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Fig. 72 Cultural and morphological features of isolate HM17-148. (a-f) Observation on 
PDA: (a) Colonies after seven days from above (surface) and below (reverse), (b) Conidial 
masses, (c, d) Conidiophores, (e, f) Conidia. (g- i) Appressoria on SNA. 
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Fig. 73 Cultural and morphological features of isolate HM19-116. (a-e) Observation on 
PDA: (a) colonies after seven days from above (surface) and below (reverse), (b) Conidial 
masses, (c) Conidiophores, (d) Setae, (e) Conidia. (g-i) Obsevation on SNA: (f-h) 
Appressoria, (i) Conidia. 
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HM19-117: On PDA, colonies were pale grey near the center and white towards the 
edge. Conidiophores formed from a cushion of conidiomata acervuli. Conidiophores were 
hyaline, smooth-walled, aseptate and simple. Conidiogenous cells were hyaline, smooth-
walled, aseptate and 10.9-25.1 x 1.8-3.4 µm in size. Conidia were hyaline, smooth-walled, 
aseptate, rounded ends, sometimes one rounded one slightly acute and 14.5-18.2 x 5.8-7.2 
µm in size. Setae were absent. Teleomorph were observed. Asci included 8-spores. 
Ascospores were aseptate, hyaline, smooth-walled and slightly curved.  Appressoria were 
single, usually in-group of 2-3, dark brown, irregular shape and 9.2-17.0 x 4.1-7.4 µm in size. 
All morphological features of HM19-117 were shown in figure 74. 
HM19-118: Colonies on PDA were white. Aerial mycelium was slightly grey. 
Conidial masses presented near the center of the colonies. Conidiophores formed directly 
from the hypha, hyaline, simple or branched and up to 55.9 µm long. Conidiogenous cells 
were hyaline, cylindrical and 7.4-20.3 x 2.0-4.1 µm in size. Conidia were cylindrical, rounded 
ends, smooth-walled, aseptate and 15.0-21.5 x 5.3-6.6 µm in size. Setae and sexual stage 
were not observed. Appressoria were single, or in small group of 2-3, medium to dark brown, 
irregular shape and 6.5-14.5 x 5.5-8.0 µm. These asexual characters were presented in figure 
75.  
HM19-86-1 and HM19-86-2:  colonies on PDA were white. Conidial masses were 
yellow, and presented near the center. Conidiophores were hyaline and branched. Setae were 
not observed on PDA. Conidia were hyaline, smooth-walled, aseptate, cylindrical, rounded 
ends and 14.1-18.1 x 4.6-6.1 µm in size. Teleomorph was not observed. Appressoria were 
ovoid, single, sometime in small group of 2 and 8.9-18.1 x 4.6-8.3 µm in size. All 
morphological features of these two isolates were presented in figure 76. 
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Fig. 74 Cultural and morphological features of isolate HM19-117. (a-i) Observation on PDA: 
(a) Colonies after seven days from above (surface) and below (reverse), (b) Conidial mass, 
(c-e) Conidiophores, (f, g) Conidia, (h) Asci, (i) Ascospores. (j, k) Appressoria on SNA. 
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Fig. 75 Cultural and morphological features of isolate HM19-118. (a-f) Observation on PDA: 
(a) Colonies after seven days from above (surface) and below (reverse), (b) Conidial masses, 




Fig. 76 Cultural and morphological features of isolate HM19-86-1 and HM19-86-2. (a) 
Colonies after seven days from above (surface) and below (reverse), (b) Conidial masses, (c, 
d, h, k) Conidia, (e, f) Setae, (g) Conidiophores, (i, j) Appressoria. (a-d) Observation on PDA. 
(e-h) Observation on sample. (i-k) Observation on SNA. 
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HM19-87-1: Colonies on PDA were medium grey. On the reserves, colonies were 
slightly-orange. Conidiomata presented near the center of the colonies. Conidiophores and 
setae were absent. Conidia were cylindrical, rounded ends, smooth-walled, aseptate and 13.9-
17.4 × 4.9-6.9 µm in size. Sexual stage was not observed. Appressoria were single, 
sometimes in small group of 2, medium to dark brown, elliptical and 6.4-19.1 x 4.0-6.7 µm 
in size. These asexual characters were presented in figure 77.  
HM19-123: Colonies on PDA were grey. Conidiophores and setae were not observed 
on PDA. Conidia presented in masses of yellow, hyaline, smooth-walled, aseptate, 
cylindrical, rounded ends and 14.2-17.3 x 4.9-6.0 µm in size. Teleomorph was not observed. 
Appressoria were ovoid, single, sometime in small group of 2 and 7.8-12.7 x 4.8-7.9 µm in 
size. All morphological features of HM19-123 were presented in figure 78. 
 Based on morphological characters, conidia of eight isolates were cylindrical, 
rounded ends or one rounded one slightly acute. These characters of conidia were similar to 


















Fig. 77 Cultural and morphological features of isolate HM19-87-1. (a) Colonies on PDA 
after seven days from above (surface) and below (reverse), (b) Conidial masses, (c, f, i) 
Conidia, (d, e) Setae, (g, h) Appressoria. (a-c) Observation on PDA; (d-f) Observation on 








Fig. 78 Cultural and morphological features of isolate HM19-123. (a) Colonies on PDA after 
seven days from above (surface) and below (reverse), (b) Conidial masses, (c, d, i, j) Conidia, 
(e) Setae, (f) Conidiophores, (g, h) Appressoria. (a-d) Observation on PDA. (e, f, i, j) 





BLAST search using ITS sequence indicated that all eight Colletotrichum isolates 
obtained from the leaves of citrus were members of the Colletotrichum gloeosporioides 
species complex (table 18). To know their species levels, the phylogenetic analyses of the C. 
gloeosporioides complex was conducted. All isolates were subjected to multi-locus 
phylogenetic trees generated from RAxML analyses using ITS, CAL, CHS-1, ACT and TUB2. 
The consensus phylogram for concatenated trees were obtained by ML analysis methods. 
 The five-locus phylogenetic analysis of the C. gloeosporioides species complex 
included sequences of 48 isolates with C. gigasporum (CBS 133266*) as the out-group (table 
19). The combined alignment comprised 2803 characters. ML performed on the mentioned 
alignment with ACT: 1-294; CAL: 295-602; CHS-1: 603-1383; ITS: 1384-1995 and TUB2: 
1996-2803. The phylogenetic analysis of the C. gloeosporioides species complex showed 
that eight isolates were divided into two main clades, namely C. aenigma and C. 
gloeosporioides (Fig. 79). In the phylogenetic analyses, the isolates HM19-117 fell in the 
clade of C. aenigma with the reference strain ICMP 18608*. Other seven species belonged 
to clade of C. gloeosporioides with the reference strain IMI 356878*. These seven strains 





















Table 18. Blast search bases on ITS sequence of Colletotrichum on Citrus leaves 









Isolate Blast search result 
Fungal name Accession number Percent 
identity (%) 
HM17-148 C. gloeosporioides JX010152 99.83 
HM19-118 C.  gloeosporioides JX010152 99.66 
HM19-116 C. gloeosporioides JX010152 99.83 
HM19-117 C.  aenigma NR_120140 * 100.00 
HM19-86-1 C.  gloeosporioides JX010152 99.46 
HM19-86-2 C.  gloeosporioides JX010152 99.83 
HM19-87-1 C.  gloeosporioides JX010152 99.66 
HM19-123 C.  gloeosporioides NR160754* 99.83 
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Table 19. DNA sequence data of species in the Colletotrichum gloeosporioides species complex. 
Species Accession No1. GenBank No2. 
ITS CAL CHS-1 ACT TUB2 
C. aenigma ICMP 18608* JX010244 JX009683 JX009774 JX009443 JX010389 
C. aenigma HM19-117 ur** ur ur ur ur 
C. aeschynomenes ICMP 17673* JX010176 JX009721 JX009799 JX009483 JX010392 
C. alatae CBS 304.67* JX010190 JX009738 JX009837 JX009471 JX010383 
C. alienum ICMP 12071* JX010251 JX009654 JX009882 JX009572 JX010411 
C. aotearoa ICMP 18537* JX010205 JX009611 JX009853 JX009564 JX010420 
C. asianum ICMP 18580* FJ972612 FJ917506 JX009867 JX009584 JX010406 
C. changpingense MFLUCC 15-0022 KP683152 - KP852449 KP683093 KP852490 
C. clidemiae ICMP 18658* JX010265 JX009645 JX009877 JX009537 JX010438 
C. conoides CGMCC 3.17615* KP890168 KP890150 KP890156 KP890144 KP890174 
C. cordylinicola MFLUCC 090551* JX010226 HM470238 JX009864 HM470235 JX010440 
C. endophytica MFLUCC13-0418* KC633854 KC810018 - KF306258 - 
C. fructivorum  CBS 133125* JX145145 - - - JX145196 
C. fructicola ICMP 18581* JX010165 FJ917508 JX009866 FJ907426 JX010405 
C. gloeosporioides IMI 356878* JX010152 JX009731 JX009818 JX009531 JX010445 
C. gloeosporioides HM19-123 ur ur ur ur ur 
C. gloeosporioides HM19-116 ur ur ur ur ur 
C. gloeosporioides HM17-148 ur ur ur ur ur 
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C. gloeosporioides HM19-118 ur ur ur ur ur 
C. gloeosporioides HM19-86-1 ur ur ur ur ur 
C. gloeosporioides HM19-86-2 ur ur ur ur ur 
C. gloeosporioides HM19-87-1 ur ur ur ur ur 
C. grevilleae CBS 132879* KC297078 KC296963 KC296987 KC296941 KC297102 
C. grossum CGMCC 3.17614* KP890165 KP890147 KP890153 KP890141 KP890171 
C. hebeiense MFLUCC 13-0726* KF156863 - KF289008 - KF288975 
C. henanense CGMCC 3.17354* KJ955109 KJ954662 - KM023257 KJ955257 
C. horii NBRC 7478* GQ329690 JX009604 JX009752 JX009438 JX010450 
C. jiangxiense CGMCC 3.17363* KJ955201 KJ954752 - KJ954471 KJ955348 
C. kahawae subsp. 
ciggaro 
ICMP 18539* JX010230 JX009635 JX009800 JX009523 JX010434 
C. kahawae subsp. 
kahawae 
IMI 319418* JX010231 JX009642 JX009813 JX009452 JX010444 
C. musae CBS 116870* JX010146 JX009742 JX009896 JX009433 HQ596280 
C. nupharicola CBS 470.96* JX010187 JX009663 JX009835 JX009437 JX010398 
C. proteae CBS 132882* KC297079 KC296960 KC296986 KC296940 KC297101 
C. psidii CBS 145.29* JX010219 JX009743 JX009901 JX009515 JX010443 
C. queenslandicum ICMP 1778* JX010276 JX009691 JX009899 JX009447 JX010414 
C. rhexiae CBS 133134* JX145128 - - - JX145179 
C. salsolae ICMP 19051* JX010242 JX009696 JX009863 JX009562 JX010403 
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1BRIP = Queensland Plant Pathology Herbarium (Australia); CBS: Culture collection of the Westerdijk Fungal Biodiversity 
Institute, Utrecht, The Netherlands; CGMCC: Chinese General Microbiological Culture Collection Center, Beijing, China; 
GZAAS: Guizhou Academy of Agriculture Science, Guizhou Province, China; ICMP: International Collection of 
Microorganisms from Plants, Auckland, New Zealand; IMI = CABI Genetic Resource Collection (UK); MAFF: Genebank 
Project, the Genetic Resources Center, NARO (National Agriculture and Food Research Organization), Tsukuba, Japan; 
MFLUCC = Mae Fah Luang University Culture Collection (Thailand); NBRC = Biological Resource Center, National Institute 
of Technology and Evaluation (Japan). 
2ITS: internal transcribed spacers and intervening 5.8S nrDNA; CAL: partial calmodulin gene; CHS-1: partial chitin synthase-
1 gene; ACT: partial actin gene; TUB2: partial beta-tubulin gene. Sequences generated in this study are emphasized in bold. 
* = ex-type culture, (*) = ex-type culture of synonymized taxon, **: Under registration 
C. siamense ICMP 18578* JX010171 FJ917505 JX009865 FJ907423 JX010404 
C. syzygicola MFLUCC 10-0624* KF242094 KF254859  KF157801 KF254880 
C. temperatum  CBS 133122* JX145159 - - - JX145211 
C. theobromicola CBS 124945 * JX010294 JX009591  JX009444 JX010447 
C. ti ICMP 4832* JX010269 JX009649 JX009898 JX009520 JX010442 
C. tropicale CBS 124949* JX010264 JX009719 JX009870 JX009489 JX010407 
C. viniferum GZAAS 5.08601* JN412804 JQ309639 - JN412795 JN412813 
C. wuxiense CGMCC 3.17894* KU251591 KU251833 KU251939 KU251672 KU252200 
C. xanthorrhoeae BRIP 45094* JX010261 JX009653 JX009823 JX009478 JX010448 
Glomerella cingulata 
“f.sp. camelliae” 
ICMP 10646 JX010225 JX009629 JX009892 JX009563 JX010437 
C. gigasporum  CBS 133266* KF687715 KF687822 KF687761 –  KF687866 
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Fig. 79 Maximum likelihood phylogenetic tree showing the relationship of Colletotrichum 
isolates obtained from leaves of Citrus and trains of Colletotrichum gloeosporioides species 
complex based on a five-gene combined datasets (ITS, CHS-1, CAL, ACT and TUB2). The 
RAxML bootstrap support values (ML>70%) is presented. The tree was rooted to C. 




 Results of pathogenicity test were presented in figures 80a, 80b for Sudachi ; in 
figures 81a, 81b for Yuzu and in figures 82a, 82b for Navel Citrus. The pathogenicity test 
showed that all representative isolates gave symptoms of anthracnose on inoculated leaves, 
and the symptoms were similar to those observed in nature. The symptoms appeared on 
inoculated leaves three days after inoculation. On inoculated leaves, initiative symptom were 
brown areas. The symptoms were then slowly developed and turned to dark brown areas. On 
the upper side of the inoculated lesions, abundant conidial masses were observed. The 
inoculated fungi were re-isolated from inoculated leaves. There were no symptoms of 





















Fig. 80a Pathogenicity test on leaves of Sudachi 7 days after inoculation. (a) Control leaf. 
(b-e) C. gloeosporioides: (b) strain HM19-87-1, (c) strain HM19-116, (d) strain HM19-118, 









Fig. 80b Pathogenicity test on leaves of Sudachi 14 days after inoculation. (a) Control leaf. 
(b-e) C. gloeosporioides: (b) strain HM19-87-1, (c) strain HM19-116, (d) strain HM19-








Fig. 81a Pathogenicity test on leaves of Yuzu 7 days after inoculation. (a) Control leaf. (b-
e) C. gloeosporioides: (b) strain HM19-87-1, (c) strain HM19-116, (d) strain HM19-118, 










Fig. 81b Pathogenicity test on leaves of Yuzu 14 days after inoculation. (a) Control leaf. (b-
e) C. gloeosporioides: (b) strain HM19-87-1, (c) strain HM19-116, (d) strain HM19-118, 












Fig. 82a Pathogenicity test on leaves of Navel 7 days after inoculation. (a) Control leaf. (b-
e) C. gloeosporioides: (b) strain HM19-87-1, (c) strain HM19-116, (d) strain HM19-118, 












Fig. 82b Pathogenicity test on leaves of Navel 14 days after inoculation. (a) Control leaf. 
(b-e) C. gloeosporioides: (b) strain HM19-87-1, (c) strain HM19-116, (d) strain HM19-








Among eight isolates of Colletotrichum obtained from citrus leaf in Japan, seven 
isolates were identified as C. gloeosporioides sensu stricto (HM17-148, HM19-116, HM19-
118, HM19-086-1, HM19-086-2, HM19-087-1 and HM19-123) and one isolate HM19-117 
was identified as C. aenigma. 
Colletotrichum aenigma is well known as a pathogen on a wide range of host 
including miracle fruit, mango, apple, dragon fruit, melon, grape, capsicum and so on 
(Truong et al. 2018; Diao et al. 2017; Gan et al. 2017; Meetum et al. 2015; Yan et al. 2015; 
Schena et al. 2014). On citrus, C. aenigma was first found in Italy, but its pathogenicity on 
the host had not been determined (Schena et al. 2014). Our study is thus the second report of 
C. aenigma on citrus in the world and the first reported of C. aegnima responsible to leaf 
anthracnose on citrus in Japan. 
Colletotrichum gloeosporioides sensu stricto has been well reported as the primary 
species associated with anthracnose disease on Citrus (Honger et al. 2016; Huang et al. 2013; 
Lima et al. 2011) and has been found on all aerial parts of the host such as leaves, branches, 
fruits, twigs and flowers (Guarnaccia et al. 2017; Huang et al. 2013). In Japan, C. 
gloeosporioides sensu stricto was recorded on fruits of mandarin and trunk of Satsuma 
according to the Database of Plant Diseases in Japan 
(https://www.gene.affrc.go.jp/databases-micro_search_en.php). The species was also 
obtained from the leaf of natsudaidai and Hayata (https://www.gene.affrc.go.jp/databases-
micro_pl_diseases_en.php). In our study, C. gloeosporioides sensu stricto was identified as 
dominant species causing of anthracnose disease on leaf of Sudachi, Yuzu and Navel. 
Therefore, to have much understanding about the impact of C. gloeosporioides sensu stricto 
on citrus production, more studies such as host range among varieties of Citrus should be 





In this study, species identification and pathogenicity test of Colletotrichum isolated from 
tropical plants in Japan were carried out. Sixty seven Colletotrichum isolates were identified 
as 11 existed and two unknown species based on multilocus phylogeny and morphological 
study. To identify Colletotrichum species, colonies characters, and the size and shape of 
conidia and appressoria have been historically used (Sutton 1992). However, overlapping in 
morphological characters of Colletotrichum species have been found, and only 
morphological characters were nowadays not enough information to identify the species level. 
Jayawardena et al. (2016) recorded that conidial characters are clearly different among 
species complexes, not species. Our result also recognized that conidial characters were 
useful to determine the species complex of the genus. Since 21st century, the molecular 
phylogenetic analysis gave the great impact on the identification of the genus Colletotrichum 
(Damm et al. 2019, 2009; O'Connell et al. 2004).  The multilocus DNA sequence analyses 
using ITS, CAL, ACT, GAPDH, CHS-1 and TUB2 have been widely used in the phylogenetic 
studies of the genus Colletotrichum (Damm et al. 2019; Damm et al. 2012a, 2012b; Weir et 
al. 2012; Damm et al, 2009). In our study, the single ITS sequence data with BLAST searches 
of NCBIs Genebank nucleotide databases was therefore used as the first approach for its 
identification. The result could indicate that ITS sequence was effective to determine the 
species complex of Colletotrichum species. In terms of its species-level identification, 
multilocus DNA sequence data was then used as the second approach. This flow gave me 
quick and accurate Colletotrichum species names.  
Based on this identification flow, C. gloeosporioides sensu stricto, C. aenigma, C. 
siamense, C. fructicola, C. jiangxiense, C. tropicola, C. grossum, C. karstii, C. truncatum, C. 
scovillei, C. sojae and two unknown species Colletotrichum spp. were found in our study. 
Among them, 8 species were members of C. gloeosporioides species complex. It revealed 
that C. gloeosporioides species complex is the most dominant causing of anthracnose 
diseases on tropical plants in Japan. Previously, Udayanga et al. (2013) reported C. aenigma, 
C. alienum, C. asianum, C.  fructicola, C. gloeosporioides sensu stricto, C. kahawae, C. 
siamense, C. syzycola and C. tropicale as common anthracnose pathogens of tropical fruits 
234 
 
in tropical Asian countries. Two of those species, C. aenigma and C. siamense, were also 
found in our study. In addition to the two species, C. karstii belonging the Colletotrichum 
boninense species complex is considered as an important species related to tropical plants in 
Japan. Here, those three species were summarized. 1) Colletotrichum aenigma was first 
determined on Persea americana in Israel (Weir et al. 2012). According to Database of Plant 
Diseases in Japan, the species was previously reported on several hosts including apple, 
Buckwheat, Japanese horse chestnut, melon, grape and mango in Japan 
(https://www.gene.affrc.go.jp/databases-micro_pl_diseases_en.php). It was reported as a 
pathogen to miracle fruit, capsicum fruit, citrus leaf, coffee leaf and passion branch in our 
study. 2) Colletotrichum siamense was first determined on Coffee berry planted in Thailand 
in 2008. The species was originally reported in the C. gloeosporioides species complex and 
was little known about its epidemiology (Prihastuti et al. 2009). Nowadays, the species has 
been found on many hosts in several tropical and subtropical countries, and it was considered 
as biologically and geographically diverse species (Weir et al. 2012). Our research provided 
the first report of C. siamense isolated from miracle fruit and from passion fruit tree in the 
world, although the species has been previously recorded on passion stem in Japan. Therefore, 
C. siamense is determined as a serious pathogen of tropical plants. 3) Colletotrichum karstii 
was originally isolated from Orchidaceae (Youlian et al. 2011). It is the most common species 
and has broad geographical diversity (Sharma and Shenoy 2013; Damm et al. 2012a). 
Previous studies have been reported that the species was pathogens such as of Clivia miniata, 
Cucumis melo, Passiflora edulis, Epipremnum aureum and Amaryllis belladonna (Sato et al. 
2016; Damm et al 2012a). Surprisingly, C. karstii was not isolated from thirteen tropical 
plants in Thailand (Udayanga et al. 2013). In our research, C. karstii was identified as a 
pathogen on miracle leaves and capsicum fruit for the first time.   
Our research showed that multi-species of Colletotrichum could jointly cause one 
disease on a single host. This finding brings two novel knowledge, which can be contributed 
to control anthracnose diseases. The first is to select accurate and effective fungicides to 
prevent anthracnose diseases. Some Colletotrichum species are resistant or susceptible to the 
common fungicides. For instance, resistance of some C. gloeosporioides isolates to 
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fungicides on mango has been reported on many cases (Akem 2006). Resistance of C. 
fructicola to benomyl and QoI fungicides have been found on many strains isolated from 
apple while a few isolates were susceptible to those fungicide (Yokosawa et al. 2017). In 
1997, resistance of C. acutatum to benomyl has been recorded (Sato 1997). Later, the C. 
acutatum were re-identified and divided as C. carthami, C. chrysanthemi, C. nymphaeae and 
C. godetiae by Sato et al (2013a, 2013b). It could be hypothesized that the four species 
identified as Sato et al (2013a, 2013b) have difference resistance or susceptibly to benomyl. 
Therefore, the correct identification to the species level is necessary to select the accurate 
fungicides to the pathogens. The second is to reduce economic losses caused by 
Colletotrichum. Previously, the variation of virulence of each species has been reported on 
capsicum fruits (Noor and Zakaria 2018; Mongkolporn and Taylor 2018). Our results also 
determined such variation among several Colletotrichum spp. For example, Colletotrichum 
scovillei was the strongest pathogen to capsicum fruit and should be thus considered as 
priority prevention strategies. In addition, our results reconfirmed that single species can 
attack several hosts. The information makes contribution to development the intercropping 
system in Japan as well as in other developing countries. One of the main purposes in 
intercropping is protecting crop plants from pests and diseases (Sodiya et al. 2012). Therefore, 
understanding of pathogens on each plant or host range of Colletotrichum species is 
necessary in establishment effective intercropping system. Having well knowledge about 
host range of Colletotrichum, famers can easy avoid inoculum sources from a plant to other 
plants in their farms. 
To sum up, our research makes a great contribution into tropical plant pathology. It 
has set alarm bells ringing about the infection of Colletotrichum on tropical plants in Japan 
and other tropical countries. However, the study also has some limitations, and future works 
are still required. First, the cross-infection of C. aengima, C. karstii and C. siamense, all of 
which were considered as important species, need to be done. Further study focusing on the 
infection should be, therefore, taken on these important species. Second, several 
Colletotrichum species were isolated from aerial parts of the plants such as tendrils, flowers, 
leaves, vines and stems, but their pathogenicity on the fruit, which is the important 
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consumption part, has not been studied. The epidemiology of the disease should be conducted 
on the field to understand the real damages caused by Colletotrichum species to consumption 




Tropical plants have been commonly cultivated, and the potential of the plants is still 
ahead in Japan; the increases of its production and the risk of anthracnose disease should be 
parallel in future. The study of species identification and pathogenicity examination of 
Colletotrichum on tropical plants in Japan is necessary to conduct because it will lead to 
effective disease control and management. The aims of this thesis were (1) to identify 
Colletotrichum species as pathogens to tropical plants in Japan; (2) to indicate the dominant 
species of Colletotrichum on conducted plants; (3) to understand the important of molecular 
analysis in identification of the species of Colletotrichum.  
Identification of Colletotrichum isolates were conducted based on multi-locus 
phylogenetic analyses (ITS, GAPDH, CHS-1, ACT, TUB2 and CAL) and detail 
morphological observation. Pathogenicity tests on healthy plants were performed with 
representative isolates obtained from symptoms to determine the pathogens. From the results, 
67 Colletotrichum isolates were identified as eleven extant and two unknown species 
(Colletotrichum gloeosporioides, C. aengima, C. siamense, C. jiangxiense, C. fructicola, C. 
tropicale, C. grossum, Colletotrichum sp.1 on passion tree, C. karstii, Colletotrichum sp.2 on 
Schima mertensiana, C. sojae, C. truncatum and C. scovillei). The pathogenicity tests 
revealed that all 13 species were weakly or strongly pathogenic to their hosts. The objectives 
and results obtained on each chapter were summarized as below: 
 
Chapter Ⅰ: Three Colletotrichum species responsible for anthracnose on Synsepalum 
dulcificum (miracle fruit) 
Since 2016, fruit rot and leaf anthracnose diseases were observed on Synsepalum 
dulcificum (miracle fruit) in Tokyo, Japan. On the infected organs, three Colletotrichum 
isolates were obtained. Morphological identification of the isolates showed that they 
belonged to C. gloeosporioides (two isolates) and C. boninense species complex (1 isolate). 
Based on multi-locus phylogenetic analysis of ITS, GAPDH, ACT, CAL and TUB2, three 
isolates were identified as C. aenigma, C. siamense and C. karstii. The pathogenicity tests 
using C. aenigma, C. karstii and C. siamense were determined as causes of fruit rot disease, 
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leaf spot and leaf blight disease respectively. The study presents the first report of these three 
Colletotrichum species causing of anthracnose disease on S. dulcificum in the world.  
 
Chapter Ⅱ: Identification and pathogenicity of Colletotrichum species associated with 
Capsicum anthracnose in Japan 
Capsicum anthracnose caused by Colletotrichum species is considered as one of the 
most important tropical diseases in the world. Previous global researches of Colletotrichum 
on capsicum indicated that the disease has been related to 24 Colletotrichum species. Among 
them, four Colletotrichum species have been reported as pathogens on the host in Japan. In 
my study, 25 Colletotrichum isolates were obtained from symptoms of anthracnose on 
capsicum fruit. The 25 isolates were identified as C. scovillei, C. fructicola, C. aenigma, C. 
jiangxiense, C. karstii, C. truncatum and C. sojae based on morphological and multi-locus 
phylogenetic analyses (ITS, GAPDH, CHS-1, ACT and TUB2). This identification revealed 
that those isolates located in five major species complexes, comprising Colletotrichum 
gloeosporioides, C. boninense, C. truncatum, C. orchidearum and C. acutatum species 
complex. My pathogenicity tests on sweet and hot capsicum fruits indicated that those seven 
species developed severe symptoms on the both capsicum fruits. The virulence of each 
species was also observed through disease severity of individual species on inoculated fruits. 
It seems likely that C. scovillei is the most pathogenic species on Japanese capsicum fruits.  
Colletotrichum aenigma, C. jiangxiense, C. karsti, C. truncatum and C. sojae are newly 
recorded on Japanese capsicum fruits. 
 
Chapter Ⅲ: Colletotrichum species related to coffee leaf anthracnose in Japan 
On coffee, anthracnose symptoms can develop on aerial parts including leaves, twigs, 
branches, flowers and fruits. Among them, the coffee berry disease is a serious disease 
restricting coffee production and resulting in significant yield loss of the host. Although there 
are several researches of anthracnose on coffee berry, anthracnose on coffee leaf has been 
only slightly reported. This study examined anthracnose on the coffee leaf with nine 
Colletotrichum isolates. Based on morphological study and phylogenic analysis using ITS, 
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ACT, CAL, CHS-1 and TUB2, the nine isolates were identified as C. grossum, C. tropicale, 
C. siamense and C. aenigma.  The inoculation test indicated that all four species were defined 
as pathogens.  Among them, C. siamense and C. aenigma were newly reported as pathogens 
to coffee leaf in Japan, while C. grossum was reported as pathogens for the first time in the 
world. 
 
Chapter Ⅳ: Diversity of Colletotrichum species on passion fruit tree in Japan 
Colletotrichum isolates were obtained from symptomatic leaves, stems and tendrils 
of passion fruit trees (Passiflora edulis). Twenty Colletotrichum isolates was examined in the 
study. Morphological and multi-phylogenetic analysis revealed that they were C. fructicola 
(four isolates), C. siamense (four isolates), C. tropicale (two isolates), C. aenigma (one 
isolates), C. karstii (six isolates) and Colletotrichum sp. (three isolates), all of which were 
pathogens of passion fruit tree. Among them, C. karstii is determined as an important 
pathogen because it causes of anthracnose on multiple parts of the plants: leaves, stems and 
tendrils.  
 
Chapter Ⅴ: First report of anthracnose on Schima mertensiana caused by an unknown 
Colletotrichum species in Japan 
Schima mertensiana is one of the endemic plant species in Bonin Islands, Japan. Leaf 
blight disease caused by Colletotrichum was obtained from S. mertensiana. Fungal 
identification based on morphological and multi-locus phylogenetic analyses determined that 
obtained isolate was an unknown species of Colletotrichum (Colletotrichum sp.). The 
pathogenicity test on S. mertensiana and other four common plant species in the Island 
showed that the unknown species was pathogenic to S. mertensiana, and other two different 
tropical plants, namely Camellia japonica and Mangifera indica.  
 




Ginger (Zingiber officinale Rosc.) is commonly consumed as a spice foods and an 
important medicinal plant on the world. The symptoms of leaf spot disease on ginger were 
found and obtained in Tokyo, Japan. From the infected leaves, main characters of 
Colletotrichum with acervuli and long dark setae were observed. Based on the combination 
of morphological study and multi-locus analysis using ITS, ACT, GAPDH, CHS-1 and TUB2, 
the causal pathogen was identified as C. sojae. Pathogenicity test on healthy leaf indicated 
that C. sojae caused the original symptom on the host. This is the first report of leaf spot of 
ginger caused by C. sojae in the world. 
 
Chapter Ⅶ: Colletotrichum species found on leaves of Citrus 
According to past reports, several Colletotrichum species were found from the 
symptoms of the fruits and branches of citrus in Japan, but the main pathogen of the disease 
was reported as C. gloeosporioides sensu stricto. In this study, eight Colletotrichum isolates 
were obtained from citrus leaf showing symptom of anthracnose diseases. Based on 
morphological and multilocus phylogenetic studies, the eight Colletotrichum isolates were 
identified as C. gloeosporioides sensu stricto (seven isolates), and C. aenigma (one isolate). 
The pathogenicity tests were conducted on healthy leaves of three commercial citrus cultivars. 
The tests revealed that the isolated species were pathogenic to the hosts. This is the first report 
of C. aenigma causing of anthracnose on citrus in Japan.  
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解析を行ったところ、C. gloeosporioides sensu strictoおよび C. aenigmaと同定し
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